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During the infection and nodulation of legume roots by soil bacteria of the 
Rhizobiaceae family, the invading endosymbiont becomes enclosed within a 
specialized nitrogen-fixing organelle known as the "symbiosome".  In mature 
nodules the host infected cells are occupied by thousands of symbiosomes, 
which constitute the major organelle within this specialized cell type.  The 
symbiosome membrane is the outer boundary of this organelle which controls the 
transport of metabolites between the symbiont and the plant host.  These 
transport activities include the efflux of the primary metabolic product of nitrogen 
fixation and the uptake of dicarboxylates as an energy source to support bacterial 
nitrogen fixation.   
Soybean nodulin 26, a member of the aquaporin superfamily, is the major 
protein component of the symbiosome membrane that encloses nitrogen-fixing 
bacteroids in root nodules.  Previous work has demonstrated that nodulin 26 
facilitates the transport of water as well as other uncharged solutes such as 
glycerol and formamide.  In addition, it is clear that the protein is a target for 
developmental and environmental sensitive posttranslational phosphorylation 
which may regulate transport activity.   
The present research project provides evidence that nodulin 26 is an 
“aquaglycero-ammoniaporin” that is specifically localized to the symbiosome 
membrane, where it could play a potential role in osmoregulatory and metabolic 




into liposomes possesses an ammonia permease activity that is favored 
approximately 4-fold over its aquaporin activity.  Second, it is shown that nodulin 
26 serves as a docking site for the ammonia assimilatory enzyme, cytosolic 
glutamine synthetase on the surface of the symbiosome membrane.  Third, it is 
shown that phosphorylation of nodulin 26 exerts opposite effects on the 
regulation of ammonia and water transport activities.  Fourth, it is demonstrated 
that phosphorylation of nodulin 26 in mature nitrogen-fixing nodules is tightly 
controlled by various environmental osmotic stimuli that regulate the rate of 
nitrogen-fixation as well as modulation of the oxygen diffusion barrier inside 
nodules.  A model for how nodulin 26 phosphorylation could contribute to the 
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Overview of water channels 
Water is a simple chemical substance containing one oxygen and two 
hydrogen atoms which is an indispensable molecule in biological systems.  Since 
water molecules compose the most abundant part and primary unit of living cells, 
they define the environment for many biological processes.  This aqueous 
environment of living systems is structurally organized into distinct cells and 
organelles by the hydrophobic barriers of lipid bilayers.  In terms of water 
homeostasis, the maintenance of metabolic and osmotic equilibrium in aqueous 
conditions is crucial to counterbalance and prevent the cells from disarranging 
changes (Ho, 2006).  Biological membrane barriers spontaneously formed by the 
lipid bilayers structurally compartmentalize organelles and enable cells to 
transport water molecules and various metabolites in and out of organelles and 
cells.  Water flux across subcellular, cellular and transcellular barriers plays a key 
role in homeostatic regulation processes.       
Water flux across membranes occurs in two ways, which can be defined 




nonspecifically directly through the membrane lipid bilayer matrix.  This diffusion 
rate is quantified by the diffusive permeability coefficient (Pd).  The second 
mechanism for membrane water flux is by osmosis-driven facilitated transport 
through proteinaceous channels.  This facilitated transport is quantified by the 
osmotic permeability coefficient (Pf) (Baylis, 1988).  The ratio of Pf/Pd can be 
used as an indicator to determine if water movement is simply diffusive (if close 
to 1) or facilitated (if greater than 1) (Finkelstein, 1987).   
Activation energy (Ea) reflects the temperature dependence of water 
movement and can distinguish facilitated transport from simple bilayer diffusion, 
since facilitated transport, which mimics movement in aqueous media, is 
energetically favored (Zeidel et al., 1992; King and Agre, 1996).  Diffusive water 
transport through a hydrophobic membrane requires a relatively higher activation 
energy of more than 10 kcal/mol (King and Agre, 1996).  In contrast, channel-
mediated water movement is characterized by lower activation energy, usually 
less than 5 kcal/mol (King and Agre, 1996).  Having identified that biological 
membranes often exhibit lower Ea than simple diffusion, early studies sought to 
identify a proteinaceous transporter for water.  Additional evidence for 
proteinaceous transport in biological membranes was provided by the 
observation of mercurial inhibition of the water flow.  Simple bilayer diffusion 
through model membranes is not inhibited by Hg2+, and the effect of this reagent 
on water transport through biological membranes was proposed to result from 




channel proteins (Macey, 1984).  Taking this combined evidence into account, a 
higher ratio of Pf over Pd, lower energy cost and mercurial inhibition of water 
transport lead to the prediction of protein-facilitated water flux across biological 
membrane barriers.   
A major breakthrough in the molecular understanding of facilitated water 
flux came from the seminal work of Peter Agre’s laboratory.  In the late 1980s, a 
major integral membrane protein, known as CHIP28, was identified from human 
red-blood cells and rat kidney membranes (Agre et al., 1987; Denker et al., 
1988).  Agre’s group found that CHIP28 is a selective water-transporting channel 
by using a Xenopus oocyte expression system.  Specifically, it was observed that 
expression of erythrocyte CHIP28 protein in Xenopus oocytes resulted in a large 
increase in the permeability of the plasma membrane for water (Preston and 
Agre, 1991; Preston et al., 1992).  In support of this finding, reconstitution of 
purified CHIP28 into proteoliposome vesicles resulted in a highly increased Pf 
and exhibited the biochemically defined characteristics of water channels such as 
mercurial sensitivity and a low activation energy for water transport (Zeidel et al., 
1992).  In 1997, the aquaporin nomenclature workshop of the Human Genome 
Nomenclature committee renamed CHIP28 as aquaporin 1 (AQP1) (Agre, 1997).  
In 2003, Peter Agre was awarded the Nobel Prize in Chemistry for his 






Major Intrinsic Proteins (MIPs): diversity and structural features 
Since the initial characterization of the first aquaporins, and with the 
substantial advances in functional genomics, it became clear that aquaporins are 
members of an ancient family of structurally similar integral membrane channels 
known as “the major intrinsic proteins” (MIPs).  The MIPs are ubiquitously 
expressed in all organisms from prokaryotes to higher eukaryotes (El Karkouri et 
al., 2005; Zardoya, 2005), and are especially prevalent and diverse in plants 
(Johanson et al., 2001).  MIPs are responsible for the selective bidirectional flux 
of water and neutral uncharged solutes across cellular membranes (King et al., 
2004; Maurel et al., 2008; Hachez and Chaumont, 2010).  Mammals contain 13 
MIP genes (Agre et al., 1998).  With regard for transport specificity, mammalian 
MIPs were originally clustered into two different subsets: the aquaporins and 
aquaglyceroporins (Agre et al., 1998).  The aquaporins possess a high degree of 
water specificity, and exclude other solutes and protons.  In contrast, the 
aquaglyceroporins are permeable to water and small uncharged molecules such 
as polyols (including glycerol) and other uncharged solutes such as urea (Maurel 
et al., 1994; Luyten et al., 1995; Rivers et al., 1997; Hubert et al., 2005).  AQP1, 
the original CHIP28 protein, belongs to the water-specific class and is completely 
selective for water transport (Preston et al., 1992).  AQP2, AQP4 and AQP5 are 
also classified as typical water-specific aquaporins (Echevarria and Ilundain, 





Unlike the water-specific aquaporins, mammalian AQP3, AQP7, AQP9 
and AQP10, are representatives of the multifunctional aquaglyceroporins, and 
have been demonstrated to be permeable to uncharged small solutes like 
glycerol and urea in addition to water (Ishibashi et al., 1994; Ishibashi et al., 
1997; Tsukaguchi et al., 1998; Ishibashi et al., 2002).  Aquaglyceroporins are 
expressed in a variety of different tissues, and emerging reports suggest that 
several of them may play numerous physiological or pathophysiological roles in a 
wide range of metabolism and metabolic diseases in mammals (Rojek et al., 
2008).   
Analysis of the MIP superfamily by sequence alignment, secondary 
structure predictions and ultimately by crystallographic structural studies have 
shown a highly conserved topology and structural fold shared by all family 
members (Gonen and Walz, 2006).  MIPs generally assemble into 
homotetramers with individual subunits (molecular weights between 25 and 30 
kDa) forming the transport pore.  Each subunit consists of six transmembrane 
helices linked by five loops (A to E) with amino- and carboxy-terminal 
cytoplasmic extensions (Fig. 1.1).  Loops B and E contain small helices that have 
highly conserved asparagine, proline and alanine sequences (Asn-Pro-Ala) 
called the NPA motifs.  Structural studies show that these motifs fold back into 
center of the membrane-embedded pore forming two opposing half helices 
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The selectivity filter is formed by four amino acids that come together to form a 
narrow constriction in the channel pore (de Groot and Grubmuller, 2001).   
Due to this narrowing in the pore architecture as well as the symmetrical 
two-fold topology of the 6 membrane domains and the 7th pseudo-
transmembrane helix, the structural fold of the MIP family has been highly 
conserved and can be represented as an “hourglass” (Fig. 1.1) (Jung et al., 
1994).  The narrowest constriction is termed the aromatic/argnine region (ar/R) 
(de Groot and Grubmuller, 2001), which consists of a group of 4 amino acids in 
close proximity within the channel pore including a conserved arginine and the 
presence of aromatic amino acid side chains.  The ar/R is composed of amino 
acids from the 2nd and 5th helices (H2 and H5) and two other residues (LE1 and 
LE2) from loop E (Fig. 1.1).  In water-selective AQP1, these residues are Phe 
(H2), His (H5), Cys (LE1) and Arg (LE2).  The His and Arg residues form three 
hydrogen bond contacts with an entering water molecule, facilitating high flux of 
water through the filter.  In addition, the AQP1 ar/R constricts the pore to 3 Å, 
approximately the diameter of one water molecule, allowing specificity (Sui et al., 
2001).   
The structural basis for aquaglyceroporin transport is best represented by 
the bacterial glycerol facilitator GlpF.  GlpF was cloned in E. coli and 
characterized by Xenopus oocyte analysis and showed selectivity for glycerol 
transport with a very low intrinsic water transport rate (Sweet et al., 1990; Maurel 




composed of two aromatic residues Trp (H2) and Phe (LE1), and the conserved 
Arg (LE2) characteristic of most ar/R, and a small side chain Gly (H5).  This 
results in a wider (3.6 Å) and more hydrophobic selectivity filter compared to 
AQP1.  The amphipathic properties of the GlpF ar/R allow the Phe and Trp 
residues to form hydrophobic interactions with the hydrocarbon backbone of 
glycerol, while the Arg forms hydrogen bond contacts with the hydroxyl group of 
glycerol (Fu et al., 2000).  In addition to these features necessary to interact with 
transported glycerol, the increase in the hydrophobicity of the GlpF ar/R 
accommodates a barrier to water transport because of reduced ability to form 
hydrogen bond contacts with transported water molecules (Fu et al., 2000).   
 
Major Intrinsic Proteins (MIPs): classification in plants 
Since the first characterization of Arabidopsis tonoplast intrinsic protein γ 
(γ-TIP) (Maurel et al., 1993) as an aquaporin, many other plant MIPs have been 
investigated.  For example, whole genome sequencing has uncovered 35 full-
length MIP genes encoded in Arabidopsis (Johanson et al., 2001), 33 in rice 
(Sakurai et al., 2005) and 55 in poplar (Gupta and Sankararamakrishnan, 2009), 
compared to 13 in humans and 2 in E. coli.  In plants, aquaporin-mediated water 
flux is a key physiological process in cell elongation, osmoregulation, seed 
germination and continuous water utilization (Maurel, 2007).  In addition, plants 
are more likely to be exposed to environmental osmotic stresses such as drought 




these adverse environmental conditions (Chrispeels and Maurel, 1994).  In 
addition, water relations are critical for common aspects of plant cell growth and 
development-relating turgor-driven cell expansion (Cosgrove, 1986).  Therefore, 
plants require efficient and rapid regulation of bulk water flow to adapt to 
environmental challenges and to undergo fundamental developmental 
processes.  Accordingly, it is not surprising that plants evidently have larger 
numbers of MIP genes as compared to animals and bacteria.  However, it is also 
clear that the diversification of plant MIPs has led to the acquisition of additional 
transport functions besides water flux (Ludewig and Dynowski, 2009).    
The Arabidopsis MIPs have been classified into four plant-specific 
phylogenetic subgroups based on their sequence similarity: the plasma 
membrane intrinsic proteins (PIPs), the tonoplast intrinsic proteins (TIPs), the 
small basic intrinsic proteins (SIPs) and the nodulin 26-like intrinsic proteins 
(NIPs) (Johanson et al., 2001; Quigley et al., 2002).  PIPs and TIPs possess 
aquaporin activities and are localized in plasma membrane and vacuolar (named 
also tonoplast) membrane, respectively (Chaumont et al., 2005).  The NIP 
subgroups are homologs of soybean nodulin 26, a protein that is uniquely 
expressed in the symbiosome membrane of rhizobia-infected nitrogen-fixing root 
nodules (Fortin et al., 1987; Weaver et al., 1991).  This subgroup is the focus of 
this dissertation and will be discussed further in more detail below.  The SIPs 
which are a unique subset of MIPs due to their short amino-terminus and high 




endoplasmic reticulum (ER) membrane (Hanton et al., 2005; Ishikawa et al., 
2005).  Their transport selectivities and biological functions still remain as of yet 
unresolved.   
Besides an increase in phylogenetic diversity, structural modeling of plant 
MIPs has shown diversification of pore selectivity (ar/R) sequences that 
transcend the traditional aquaporin and aquaglyceroporin paradigms.  For 
example, Wallace and Roberts (2004) showed by homology modeling-based 
structural analysis for the ar/R selectivity regions of Arabidopsis MIPs that they 
can be classified into eight different subgroups based upon properties of each 
residue forming the ar/R tetrad, suggesting functional diversification of plant MIPs 
(Wallace and Roberts, 2004).  Among the plant MIPs, only PIPs have one 
conserved ar/R signature characteristic of water-selective aquaporins (Wallace 
and Roberts, 2004).  In contrast, TIPs are the most diverse with three separate 
conserved ar/R subgroups.  NIPs are categorized into two distinct ar/R 
sequences, one that is similar to the soybean nodulin 26 as NIP subgroup I, and 
another that is characteristic of NIP subgroup II (Wallace and Roberts, 2004).  
The SIP subfamily possesses two separate ar/R regions (Wallace and Roberts, 
2004).  Additionally, subsequent analysis of MIP gene families in higher plants 
such as rice, maize (Bansal and Sankararamakrishnan, 2007) and poplar (Gupta 
and Sankararamakrishnan, 2009) as well as the moss Physcomitrella patens 
(Danielson and Johanson, 2008) have supported the unusual pore ar/R diversity 




maize (Bansal and Sankararamakrishnan, 2007) and poplar (Gupta and 
Sankararamakrishnan, 2009) MIPs discovered even more diverse ar/R 
signatures than those found in Arabidopsis (Wallace and Roberts, 2004).   
Members of these MIP subfamilies are highly conserved through all 
sequenced plant genomes, but their structural and topological diversities 
including distinct ar/R compositions have been proposed to result in a variety of 
transport selectivities in addition to water transport activity (Wallace and Roberts, 
2004; Bansal and Sankararamakrishnan, 2007; Ludewig and Dynowski, 2009).  
For example with one of the four MIP subfamilies, NIPs are unique to plant 
species, and each subgroup of the NIPs has different transport substrates based 
on the functional analysis and characterization with distinct ar/R constriction 
regions.  NIP subgroup I transports water, glycerol (Dean et al., 1999) and lactic 
acid (Choi and Roberts, 2007), whereas NIP subgroup II is permeable to 
additional larger solutes such as urea (Wallace and Roberts, 2005) and boric 
acid (Takano et al., 2006; Tanaka et al., 2008).  The additional divergent NIP 
subgroup III in rice functions as transporters for silicic acid (Ma et al., 2007; 
Mitani et al., 2008), arsenite (Ma et al., 2008) and selenite (Zhao et al., 2010).    
The principle focus of this dissertation is the nodulin 26-like proteins 
(NIPs) and specifically legume nodulin 26.  Nodulin 26 is the archetype of the 
NIP subfamily which was originally discovered as a protein specifically induced 




process that establishes a nitrogen-fixing symbiosis.  In the next section, the 
process of nodulation and symbiotic nitrogen fixation are reviewed.   
 
Biological nitrogen fixation in microorganisms   
Nitrogen is one of the most important fundamental components 
comprising amino- and nucleic-acids and is an essential mineral nutrient to all 
organisms in nature.  Nitrogen is abundant in the biosphere in diverse chemical 
forms.  Molecular nitrogen (N2) represents up to 80% in the atmosphere.  For 
plant growth, however, nitrogen is often the most limiting macronutrient because 
biologically available nitrogen sources such as nitrate or ammonia are insufficient 
in the natural environment and plants can not directly utilize molecular nitrogen 
(N2) found in the atmosphere (Gutierrez, 2012).  Limitations in nitrogen is a major 
issue for sustainable agricultural productivity and the need for synthetic forms of 
nitrogen nutrients such as urea and ammonium nitrate is responsible for up to 
50% of the operational costs in global agriculture (Hirel et al., 2011).    
There are three distinct pathways through which molecular nitrogen is 
converted into biologically accessible forms of nitrogen: 1. biological enzymatic 
fixation of N2 to ammonia; 2. atmospheric reactions by lightning discharge which 
converts N2 to nitric (HNO2) and nitrous (HNO3) acids which are promptly 
accumulated into the biosphere by rain as nitrite (NO2-) and nitrate (NO3-); 3. the 
industrial Harber-Bosch fixation of N2 to ammonia which is the source of most 




further assimilated by plants into organic biosynthetic metabolites such as amino 
acids, nucleotides, urea, and other N-associated biomolecules.    
Biological nitrogen fixation is performed by diazotrophic bacteria, which 
are present either in a free-living form or as symbionts associated with different 
host organisms.  Bacterial Rhizobia, actinobacteria Frankia and cyanobacteria 
are examples of symbiotic diazotrophs (Postgate, 1998; Vessey et al., 2005; Stal 
et al., 2010).  Diazotrophs contain a metalloenzyme nitrogenase which catalyzes 
the reduction of N2 to ammonia (Hu and Ribbe, 2011).  The nitrogenase enzyme 
is composed of two separate enzymatic components.  These include the 
heterotetrameric molybdenum-iron (MoFe) protein which is called dinitrogenase, 
and a homodimeric iron (Fe) protein called dinitrogenase reductase (Dixon and 
Kahn, 2004).  Dinitrogenase reductase plays an important role as an electron 
donor in transferring high potential electrons to the dinitrogenase component.  
The dinitrogenase coordinates the FeMo cofactor near its N2-binding active site 
and mediates the catalyzed reduction of N2 to NH3 (Eady and Postgate, 1974; 
Dixon and Kahn, 2004; Seefeldt et al., 2004).  The overall N2 reduction reaction 
catalyzed by this enzyme is as follows in equation 1.1:        
 
     N2 + 8 H+ + 8e- + 16 ATP           2 NH3 + H2 + 16 ADP + 16 Pi          (Eq. 1.1)    
 
Chemically, the reaction of N2 fixation requires hydrolysis of 16 moles of ATP as 




reduction (N2 bond energy is 225 kcal/mole) and produces one molecule of 
hydrogen gas (H2) and two ammonia molecules (NH3) (Igarashi and Seefeldt, 
2003).  The nitrogenase enzyme is extremely susceptible to inactivation by 
molecular oxygen (O2), which oxidizes the iron-sulfur (Fe-S) cofactor and results 
in irreversible inhibition of the enzyme activity (Bergersen et al., 1976; Goldberg 
et al., 1987).  These observations lead to the paradox encountered by nitrogen-
fixing organisms: 1. the need for high respiration rates to supply energy for 
nitrogen fixation; and 2. the oxygen sensitivity of the nitrogenase.   
In order to overcome the deleterious effects of the molecular oxygen, 
nitrogen-fixing microorganisms generally occupy microaerobic or anaerobic 
environments (Hill, 1988).  Symbiotic diazotrophs adapt themselves to 
cooperative mutualistic associations with host organisms (for example, plants 
and fungi) that allow protection of nitrogenase from oxygen access, while 
simultaneously maintaining a high respiratory rate.   
 
Symbiotic association between legume plants and Rhizobia and formation 
of symbiotic organelles    
 Under conditions of limiting soil-nitrogen, symbiosis between host legume 
plants and rhizobia results in formation and development of a new organ, the 
nodule which usually occurs on plant roots but also rarely occurs on stems 
(D'Haeze et al., 2000).  Legume plants can gain the reduced nitrogen source 




host plants supply reduced carbon to the bacterial symbionts (Udvardi and Day, 
1997; Yurgel and Kahn, 2004).  Pisum sativum (pea) and Medicago truncatula 
(barrel clover) are representative temperate legume species that form an 
elongated indeterminate nodule containing an active apical meristem where 
continuous cell differentiation occurs.  On the other hand, Lotus japonicus and 
Glycine max (soybean) belong to tropical legumes bearing spherical determinate 
nodules in which the nodule growth is due to a cell expansion process resulting 
in maturation immediately after initiation of the nodule formation (Crespi and 
Galvez, 2000).     
 Among legumes, Medicago truncatula has been considered one of 
outstanding genetic legume models since it has compact diploid genome and 
rapid generation time and is amenable to genetic transformation thus, allowing 
various sets of mutants available for functional characterization study (Tadege et 
al., 2008).  In addition, completion of the genome sequencing projects aided in 
utilizing whole genetic information of the Medicago truncatula and Lotus 
japonicus (Sato et al., 2008; Young et al., 2011).  As a crop legume, large-scale 
shotgun genome sequencing of soybean (Glycine max) had been also completed 
(Schmutz et al., 2010).  Appreciable work on the sequenced genome with further 
establishment of transcriptome database for these legume plants has lead to 
better understanding and deciphering of functions and roles of individual genes 
associated with development and metabolism of the nitrogen-fixing symbiotic 




 The symbiotic association is initiated by reciprocal signal exchange 
between free-living soil rhizobia and plant roots (Oldroyd and Downie, 2008).  
Flavonoid compounds, such as apigenin, daidzein, genistin and luteolin are 
released as exudates from plant roots and induce transcriptional up-regulation of 
nodulation (nod) genes of compatible soil rhizobia bacteria (Begum et al., 2001; 
Maj et al., 2010).  This drives the subsequent production of nodule-inducing 
(Nod) factors, which are composed of a lipochito-oligosaccharides (LCOs) with a 
structural backbone of four to five N-acetylated glucosamines, with additional 
fatty acyl or other substitutions at the non-reducing end (Gualtieri and Bisseling, 
2000; Streng et al., 2011).  Depending on the various types of legume species 
and their compatible rhizobia symbionts, the nod factors are differentially 
modified by carrying diverse substituents and thus impose species-specificity 
upon recognition and following symbiotic interaction between them (Gualtieri and 
Bisseling, 2000; Oldroyd and Downie, 2008; Streng et al., 2011).   
Nod factors excreted from the rhizobia interact with lysine motif (LysM) 
domain-containing receptor-like kinases (RLKs) on root epidermal cell layers of 
the plant host (Madsen et al., 2003; Radutoiu et al., 2003).  Perception process 
for the nod factors in the plant cells is linked to calcium spiking signal in the 
nucleus (Ehrhardt et al., 1996), which triggers activation of a calcium and 
calmodulin dependent protein kinase (CCaMK) (Gleason et al., 2006) resulting in 
activation of the nodule developmental program (Journet et al., 2001; 




hair curling (Esseling et al., 2003), cell wall invagination, deposition of new cell 
wall material (Brewin, 2004) and eventually development of a tube-like structure 
called “infection thread” within the root hair (Monahan-Giovanelli et al., 2006).  In 
addition, nod factor signaling leads to an induction of root cortical cell division 
leading to the appearance of nodule primordia which are defined as square-
shaped cells remaining aligned in the same cell layer with adjacent non-induced 
inner cortical cells (Timmers et al., 1999).  The infection thread contains dividing 
bacteria surrounded by plant cell wall and penetrates into outer root tissues, 
growing toward the nodule primordia.  Ultimately, bacteria are released from the 
infection thread and are endocytosed into a specialized polyploidy “infected host 
cell” within the nodule primordia.  This entry process results in formation of the 
organelle-like vesicle comprised of a specialized plant-derived membrane which 
encloses the bacteroids.    
Endocytosis is followed by further morphologic differentiation of the 
bacteria into bacteroids as well as developmental changes in the plant-derived 
“symbiosome membrane (SM)” that encloses the bacteroids (Roth, 1988).  The 
SM separates the bacteroids from the infected plant cell cytosol, eventually 
completing formation of a new symbiotic organelle called the "symbiosome" and 
differentiation of infected cells into a mature state where nitrogen fixation actively 
occurs (Verma and Hong, 1996; Oldroyd and Downie, 2008).    
As the developing nodule grows and the rhizobia maintain cell division or 




biosynthesis in order for the symbiosome membrane to increase quantity and 
become compatible with newly given structural functions (Verma and Hong, 
1996).  The SM therefore, not only retains common properties from both plasma 
and vacuolar membrane, but also includes distinct features and composition 
compared to other endomembranes of plant cells (Roth and Stacey, 1989; 
Verma and Hong, 1996).    
Besides its primary function to structurally segregate the bacteroids from 
the plant cytoplasm and protect the bacteroids from plant defense responses 
(Udvardi and Day, 1997; Day et al., 2001), the symbiosome membrane (SM) 
mediates exchange of various molecules indispensable for the symbiosis 
(Udvardi and Day, 1997; White et al., 2007).  These include the primary 
metabolic exchange at the heart of the symbiosis: the efflux of fixed nitrogen in 
exchange for the uptake of a reduced carbon source that serves as the energy 
source supporting nitrogen fixation.  In addition, the SM mediates the uptake of 
other essential metabolites and cofactors provided by the host to the 
endosymbiont.    
 In relation to the nodule developmental program activated by nod factor 
signaling, a number of host-encoded genes, termed “nodulins”, are specifically 
expressed during nodule organogenesis and development (Legocki and Verma, 
1980).  Among these nodulins, are a number of gene products targeted to the 
symbiosome and perform functions necessary for the establishment and 




proteins that are targeted to the SM and facilitate the metabolic exchanges to 
maintain proper function of symbiosis between the host and endosymbionts 
(White et al., 2007).  The biochemical and transport activities of the SM are 
reviewed in the following section below.     
 
Transport activities of the symbiosome membrane     
The SM accommodates a number of nodule-specific membrane 
transporters that are responsible for supporting high fluxes of metabolites and 
fixed-nitrogen compounds between the host plant and bacterial symbiont.  
Transcriptomics analysis followed by metabolite profiling of developing nodules 
supported the correlation between expression of transporters and active changes 
in metabolism by the fact that gene expression levels of transporters and 
transcripts involved in metabolic pathways of the root nodule are highly up-
regulated compared to unnodulated root tissue (Colebatch et al., 2004; Benedito 
et al., 2008).  A summary of examples of transport activities and transport 
proteins that have been found on mature SM is shown in table 1.1.  Brief 
descriptions of key transport processes demonstrated on the symbiosome 
membrane are listed below.   
Carbon uptake:  Among metabolite exchanges across the SM is the uptake of 
reduced carbon in the form of C4 dicarboxylates provided by host plants to the 
symbionts as a catabolic substrate essential to support the nitrogen fixation 



















(mambrane nodulin) Transport activities Reference
Nodulin 26 Water, glycerol Rivers et al., 1997; Dean et al., 1999; Guenther 
and Roberts, 2000 
GmN70 Chloride, nitrite, nitrate Vincill et al., 2005
Non-selective cation channel Ammonium, potassium, calcium Tyerman et al., 1995; Roberts and Tyerman, 
2002; Obermeyer and Tyerman, 2005
H+-ATPase Protons (ATP-dependent) Udvardi and Day, 1989
GmZIP1 Zinc Moreau et al., 2002
Ca2+-ATPase Calcium (ATP-dependent) Andreev et al., 1999
GmDMT1 Fe2+, Mn2+, Cu2+, Zn2+ Kaiser et al., 2003
Dicarboxylate transporter Malate, succinate Ou Yang et al., 1990
SST1 Sulfate Wienkoop and Saalbach, 2003; Krusell et al., 
2005; 
Vacuolar H+-ATPase Protons (ATP-dependent) Wienkoop and Saalbach, 2003; Catalano et al., 
2004




energetic cost of nitrogen fixation, it is not surprising that bacteroid symbionts 
require an energetically efficient carbon source for their respiration to support 
nitrogen fixation (White et al., 2007).  Consistent with this, it has been 
demonstrated that rhizobia bacteroids express a dicarboxylate transport (Dct) 
system which consists of a dicarboxylate carrier protein, DctA, and a two 
component kinase regulatory system, DctB/DctD (Yurgel and Kahn, 2004).  This 
system is indispensible for N2 fixation, and isolated bacteroids are able to readily 
utilize the dicarboxylates for their respiration by uptake through the transport 
system (Poole and Allaway, 2000).  Biochemical evidence for a dicarboxylate 
transporter on the SM came from kinetic and inhibitor studies with isolated 
soybean symbiosomes that showed selective uptake of radioisotopic malate and 
succinate (Udvardi et al., 1988).  Additional experiments for various carbon 
substrates revealed selectivity for malate and succinate (Ou Yang et al., 1990), 
whereas no detectable transport activity of sugars or amino acids were detected 
(Udvardi et al., 1990).  This channel-mediated uptake of the reduced carbon into 
the symbiosome is likely through a SM secondary transporter with uptake driven 
by an electrochemical gradient across the SM (Ou Yang et al., 1990; Udvardi et 
al., 1991).  The symbiosome space is acidic and preserves a positive membrane 
potential (∆Ψ), compared to the cytosolic compartment of infected cell (Udvardi 
and Day, 1989; Udvardi et al., 1991).  The molecular identity of the SM 





ATPase:  The SM is an energized membrane (Udvardi and Day, 1989) via a 
proton pumping H+-ATPase which plays a critical role in the energizing 
mechanism that drives active transport of metabolites across the SM.  The SM 
proton pumping H+-ATPase pumps protons (H+) from the cytosol into 
symbiosome space, consuming ATP molecules from the cytosolic side.  This 
imposes changes in pH (∆pH) and membrane potential (∆Ψ) within the lumen of 
the symbiosome, which is more acidic and positively charged inside compared to 
the cell cytosol (Udvardi and Day, 1989).  This proton motive force leads to 
continuous secondary uptake of negatively charged metabolites in (e.g. 
dicarboxylates) (Ou Yang et al., 1990) and also controls cation (e.g. NH4+) 
release from the symbiosome space (Tyerman et al., 1995; Roberts and 
Tyerman, 2002).   
Nonselective cation channel:  Tyerman et al. (1995) used direct patch clamp 
recording of isolated soybean symbiosomes to demonstrate a voltage-activated 
rectified nonselective cation channel (NSCC) on symbiosome membranes.   
The channel is voltage-dependent with activation observed at negative potentials 
(with respect to the cytosolic side) and showed permeability to K+, Na+ and NH4+.  
This channel protein showed rectification with cation movement only observed in 
an inward (towards the cytosol) direction (Tyerman et al., 1995).  The gating 
particle controlling rectification was shown to be divalent cations such as Mg2+  
and Ca2+ (Tyerman et al., 1995; Roberts and Tyerman, 2002) or polyamines 




al., 1995; Obermeyer and Tyerman, 2005).  A similar channel was also found in 
Lotus japonicus symbiosomes, which also showed a finite Ca2+ permeability 
(Roberts and Tyerman, 2002).  Given the electrochemical properties of the SM, 
and the large gradient of NH4+ between the symbiosome space and cell cytosol 
(Streeter, 1989), a role of the NSCC in the efflux of fixed NH4+ was proposed 
(Tyerman et al., 1995).  In addition, in association with the electrogenic H+-
ATPase, the NSCC could also play a critical role in regulating SM potential 
homeostasis and the symbiosome electrochemical gradient (Roberts and 
Tyerman, 2002).   
Inorganic anions:  Early work demonstrated the presence of a SM nodulin protein 
in Lotus japonicus (LjN70), which shows characteristics of the major facilitator 
superfamily (MFS) of secondary transporters (Szczyglowski et al., 1998).  Vincill 
et al. (2005) used two-electrode voltage clamp recoding of Xenopus oocytes 
expressing soybean GmN70 (an ortholog of Lotus japonicus LjN70) and 
demonstrated that the GmN70 is an inorganic anion/nitrate transport channel of 
the SM, and renamed N70-like proteins as nodulin-like anion transporters (NLAT) 
(Vincill et al., 2005).  It was suggested that this anion transporter on the SM may 
play a significant role coordinated with H+-ATPase in controlling the symbiosome 
membrane potential and pH inside the symbiosome (Vincill et al., 2005), and 
could account for an inorganic anion permeability previously observed on 





Metal cofactors and sulfate:  GmZIP1 was characterized as a symbiosis-specific 
zinc transporter (Moreau et al., 2002).  Evidence for localization of GmZIP1 to the 
SM came from the observation that GmZIP1 antibodies blocked symbiosome 
uptake of Zn2+, and SM-specific expression of the GmZIP1 was demonstrated by 
immunoblot assay with isolated SM (Moreau et al., 2002).  A second heavy 
divalent cation transporter, GmDMT1, was shown to be responsible for uptake of 
ferrous iron (Fe2+), zinc (Zn2+), copper (Cu2+), and manganese (Mn2+) by 
heterologous expression in the yeast metal-transport deficient mutants (Kaiser et 
al., 2003).  Location of the GmDMT1 on the SM was verified by both immunoblot 
assay and immunolocalization using N-terminus specific antibody (Kaiser et al., 
2003).  These channel activities on the SM were proposed to be necessary for 
uptake of divalent metal ions as essential cofactors for bacteroid metabolism.    
A sulfate transporter was proposed as a SM nodulin based on proteomic 
analysis (Wienkoop and Saalbach, 2003).  Further map-based cloning approach 
of fix- mutants of Lotus japonicus functionally identified a SM sulfate transporter, 
SST1 (Krusell et al., 2005).  Transport of sulfate (SO42-) was also proposed to be 
critical because bacterial nitrogenase complex protein consists of a large number 
of sulfur-containing amino acids as well as four metal clusters containing sulfur 
(Dos Santos et al., 2004).   
Based on proteomics analysis, a number of additional regulatory and 
transport proteins were proposed to be associated with the symbiosome 




truncatula (Catalano et al., 2004) (Table 1.1), suggesting even greater complexity 
of transporters associated the SM.  However, functional confirmation of these 
proteins in most cases remains uninvestigated.    
 
Nodulin 26: a symbiosome membrane specific MIP    
Initially discovered in soybean, nodulin 26 is one of a number of nodule-
specific or nodule-enhanced proteins, which are members of the major intrinsic 
protein/aquaporin (MIP) superfamily of integral membrane protein channels and 
constitutes the major protein component of the symbiosome membrane in 
soybean root nodules (Fortin et al., 1987; Weaver et al., 1991; Wallace et al., 
2006).    
 Nodulin 26 was originally discovered by Fortin et al. (1987) by 
immunoprecipitation of polysome complexes using antibodies raised against a 
purified soybean SM fraction, followed by in vitro translation which revealed a 
major 26 kDa polypeptide.  In subsequent work by Weaver et al. (1991), 
generation of nodulin 26-specific antibodies enabled its detection and 
quantitation on isolated SM.  From this work, it was clear that nodulin 26 is the 
major protein component of the SM, constituting up to 15% of the total protein 
mass of the membrane (Weaver et al., 1991; Rivers et al., 1997).  Sequence 
analysis and structural investigation showed that nodulin 26 is a member of MIP 
superfamily (Sandal and Marcker, 1988; Wallace et al., 2006).  Based on mRNA 




clear that nodulin 26 is a common component of legume SM and that it is 
uniquely expressed and targeted to this membrane (Wallace et al., 2006).   
The finding of a member of the MIP/aquaporin that is a symbiosome-
specific protein argues for a functional role in transport and/or homeostasis in 
support of the symbiosis.  In order to characterize its transport functions, various 
approaches such as heterologous expression system using Xenopus oocytes 
(Rivers et al., 1997; Guenther et al., 2003), isolation of symbiosome membrane 
vesicles (Rivers et al., 1997) and reconstitution of purified nodulin 26 into 
proteoliposomes (Dean et al., 1999) were developed.   
Initial functional characterization of nodulin 26 was conducted by 
expression in Xenopus oocytes as well as analysis of isolated symbiosome 
vesicles (Rivers et al., 1997).  These studies showed that oocytes expressing 
nodulin 26 and isolated SM vesicles have elevated water permeability (Pf) with 
low activation energy and mercurial inhibition of the activity, characteristic of 
aquaporins.  Additionally, isolated SM also showed high transport activity for 
nonelectrolyte solutes such as formamide and glycerol (Rivers et al., 1997).  
Dean and coworkers adopted an unequivocal approach by purifying and 
reconstituting native soybean nodulin 26 into liposomes for water and solute flux 
studies (Dean et al., 1999).  It was obvious that nodulin 26 is a water permeable 
transporter with low Ea, and also that nodulin 26 proteoliposomes showed rapid 
glycerol efflux in a mercurial-sensitive manner that accounts for the permeability 




support that nodulin 26 is a unique multifunctional aquaglyceroporin on the SM 
with a high permeability to water and uncharged solutes such as glycerol.  
However, the intrinsic water transport rate of nodulin 26 (3.8 x 10-15 cm3/s) is 
comparably lower than well-known active water transporter like mammalian 
AQP1 (117 x 10-15 cm3/s) (Zeidel et al., 1992; Rivers et al., 1997).  Nevertheless, 
the large expression and specific localization of the nodulin 26 to the SM is 
responsible for the high intrinsic Pf of symbiosomes.   
In addition to being identified as the major protein component of the SM, 
nodulin 26 was identified as a major target for calcium-dependent 
phosphorylation by a SM-associated kinase (Weaver et al., 1991).  Given that the 
cytosolic carboxyl-terminus of nodulin 26 contains a putative phosphorylation 
consensus motif for calcium dependent protein kinase (CDPK), it was proposed 
that this is the location for the phosphorylation.  This was demonstrated by using 
a 14 amino acid synthetic peptide comprising the C-terminal sequence of the 
nodulin 26 and showing that it is a CDPK substrate (Weaver et al., 1991).  
Additionally, native nodulin 26 of the symbiosome membrane was able to be 
phosphorylated in vivo as well as in vitro (Weaver et al., 1991).  It was further 
verified that a symbiosome membrane-associated CDPK specifically 
phosphorylated a serine 262 within the predicted CDPK site in the C-terminus of 
the native nodulin 26 (Weaver and Roberts, 1992).   
  The protein expression and phosphorylation state of soybean nodulin 26 




cues by using nodulin 26- and phospho nodulin 26-specific antibodies (Guenther 
et al., 2003).  The expression of nodulin 26 protein first becomes detectable in 
immature infected cells at 16 days post infection, which coincides with the 
endocytosis of the bacteroids and early stages of the formation of the 
symbiosome membrane.  In contrast, the phosphorylation of nodulin 26 lagged 
behind its appearance and becomes detectable 25 days post infection, which 
coincides with the maturation of infected cells and the onset of nitrogen fixation 
(Guenther et al., 2003).  The phosphorylation of nodulin 26 is also modulated in 
response to a number of environmental stimuli, showing enhancement under 
osmotic stress conditions such as salinity and drought (Guenther et al., 2003).  
The CDPK-mediated phosphorylation of nodulin 26 under osmotic stress 
conditions is consistent with the finding that osmotic stress signals trigger 
calcium signaling in plants (Knight et al., 1997).  With respect to nodule 
physiology and membrane function, calcium-dependent phosphorylation of 
nodulin 26 may serve an osmoregulatory function to maintain water homeostasis 
of the infected cell cytosol (Guenther et al., 2003).   
 
Goal of the present research   
The symbiosome membrane represents a specialized interface that 
legumes have evolved to establish and manage nitrogen-fixing rhizobia 
symbiosis.  As summarized above, plants target a number of nodule-enhanced or 




exchange, modulation of proton motive force, and carry out other transport and 
homeostatic processes, in support of the symbiosis.  Nodulin 26, a plant-specific 
member of the MIP/aquaporin superfamily is specifically targeted to the SM and 
is the sole member of the family that resides on this membrane.   
Since the initial isolation and identification of nodulin 26 from soybean root 
nodules (Fortin et al., 1987), specific functions of nodulin 26 that may be 
associated with symbiotic processes have been the subject of considerable 
studies.  From the previous biophysical functional analyses, soybean nodulin 26 
was identified as a multifunctional aquaglyceroporin that transports multiple 
substrates including water, glycerol and formamide (Rivers et al., 1997; Dean et 
al., 1999).  In addition, it is clear that the protein is a target for developmental and 
environmental sensitive posttranslational phosphorylation which may regulate 
transport activity (Guenther et al., 2003).   
In the present work, we used proteoliposome reconstitution of 
recombinant nodulin 26 to investigate new transport activities of the nodulin 26 
including ammonia transport.  In addition, we investigated how nodulin 26 
phosphorylation affects its transport activity and selectivity in response to 
environmental signals with respect to functional properties of nodulin 26 transport 
at the symbiotic interface.  Finally, we used a screening technique to identify 
interacting partners of the nodulin 26 from cytosolic part of the infected cells, and 




study provides new information on the functional properties of nodulin 26 and its 


























MATERIALS AND METHODS 
 
Soybean growth and Rhizobia culture conditions 
 Soybean (Glycine max, cv. USG 5601T) seeds were grown in medium 
grade vermiculite in a growth chamber at 24°C conditioned with long day light 
cycles (18-hour light/6-hour dark).  The light intensity during the day light cycle 
was 350 ~ 400 mol/m2/s.  Seeds were watered at the time of planting with 
Herridge’s solution (K2HPO4, 22 mg/L; KH2PO4, 17 mg/L; MgSO4•7H2O, 250 
mg/L; CaCl2•2H2O, 37 mg/L; ferric monosodium EDTA, 9 mg/L; H3BO3 0.71 
mg/L; MnCl2•4H2O, 0.45 mg/L; ZnCl2, 0.03 mg/L; CuCl2•2H2O, 0.01 mg/L; 
NaMoO4•2H2O, 0.005 mg/L) (Eskew et al., 1993).    
Bradyrhizobium japonicum, USDA110 was grown in Bergersen’s minimal 
medium (BMM) (270 mg/L NaH2PO4•7H2O; 80 mg/L MgSO4•7H2O; 3 mg/L 
FeCl3•6H2O; 3.7 mg/L ferric monosodium EDTA; 30 mg/L CaCl2•2H2O; 0.0025 
mg/L MnSO4•4H2O; 0.03 mg/L H3BO3; 0.03 mg/L ZnSO4•7H2O; 0.0025 mg/L 
NaMoO4•2H2O; 0.1 mg/L biotin; 1 mg/L thiamine; 10g/L mannitol; 0.5 g/L sodium 
glutamate; 0.5 g/L yeast extract; pH 6.8 ~ 7.0).  For the bacterial seed culture, 50 




log phase (A600 = 0.6) at 28°C with shaking at 250 rpm.  This small culture was 
used to inoculate a large 450 mL BMM culture which was grown for 2 to 3 days 
at 28°C with shaking.   
The culture was diluted 1:10 with Herridge’s solution, and was used to 
inoculate 10 day-old soybean plants.  After inoculation, plants were maintained 
under the growth conditions described above and were watered on alternating 
weeks with Herridge’s solution or water.  To repress nodulation in uninoculated 
control soybean plants, 5 mM KNO3 was used to supplement the Herridge’s 
solution as a nitrogen source.   
For flooding treatment, pure N2 gas was bubbled into a water container 30 
minutes prior to submersion of soybean roots.  Soybean plant roots were 
submerged in the water with continuous N2 gas bubbling during whole period of 
the flooding treatment.  The dissolved oxygen content (%) of water in the 
container was measured at each time point using an oxygen probe (Model 55, 
Yellow Springs Instrument), and was converted into dissolved oxygen (DO) 
content (%) expressed as a % of ambient O2 (Table 2.1).   
For hypoxia treatment, whole soybean plants were placed into an 
anaerobic jar (BD Diagnostic Systems) and were subjected to anaerobic 
conditions by using a BD BBL GasPak 100 System with a BBL dry anaerobic 
indicator strip (BD Diagnostic Systems).   
For additional treatments of soybean plants with varying oxygen 












Table 2.1.  Dissolved oxygen content (%) of water in the container 
 
a. Time point of O2 measurement according to flooding stress treatment.   
b. Dissolved oxygen.   
c. (-) 0.5 hr indicates the time point at which nitrogen gas (N2) was blown for 30 minutes 










Flooding time a (-) 0.5 hr c 0 hr 1 hr 2 hr 3 hr 6 hr 12 hr 24 hr
Oxygen (O2) content
(%) in water
5.0 2.5 2.0 2.0 2.0 2.5 2.0 2.0




hyperoxia for supra-ambient oxygen concentration), various mixtures of N2 and 
O2 gases were utilized.  Soybean plants were placed into a modified gas jar 
system with a couple of layers of wet paper towels on the bottom to prevent 
dryness.  The jar was fitted with inlet (1 cm diameter) and outlet (0.5 cm 
diameter) holes on opposite sides.  Pure N2 or 50% O2 gas mixtures were used 
for sub-ambient or for supra-ambient O2 conditions, respectively.  Oxygen 
concentrations were measured by an oxygen monitor and showed a 
concentration of 2% O2 under sub-ambient conditions and over 50% O2 under 
supra-ambient conditions.  For ambient control experiments, plants were placed 
in a plastic jar opened to the atmosphere.      
 
Isolation of membrane fractions from soybean nodules    
Microsomal fractions from soybean nodules were isolated as described by 
Guenther et al. (2003) with minor modifications.  Nodules from the 35 day-old 
soybean plants were harvested on ice and were crushed in 25 mM 3-(N-
morpholino) propanesulfonic acid (MOPS)-NaOH, pH 7.2, 10 mM EDTA, 10 mM 
MgSO4, 5 mM iso-ascorbic acid, 5 mM dithiothreitol (DTT), 1% (w/v) 
polyvinylpyrroldone-40 (PVP-40), 1 μg/mL leupeptin, and 0.5 mM 
phenylmethylsulfonyl fluoride (PMSF), using an ice-cold mortar and pestle.  
Extracts were centrifuged at 100g in a Sorvall SS-34 rotor at 4°C for 10 minutes.  
The supernatant fraction was collected and was passed through a 25 gauge 




at 4°C for 20 minutes.  The 700g supernatant fraction was then centrifuged at 
100,000g in a Beckman Ti-60 rotor at 4°C for 1 hour.  The microsomal 
membrane 100,000g pellet fraction was resuspended in 20 mM MOPS-NaOH, 
pH 7.0, 150 mM KCl, 1 mM EDTA, 1 μg/mL leupeptin, and 0.1 mM PMSF, and 
kept at -80°C until analysis.    
Soybean symbiosome membranes were isolated as previously described 
(Weaver et al., 1991; Weaver et al., 1994; Rivers et al., 1997).  Typically, nodules 
were harvested from soybean plants 25 days post-inoculation.  Nodules were 
crushed on ice using an ice-cold motar and pestle in 25 mM MOPS-NaOH, pH 
7.2, 10 mM EDTA, 10 mM MgSO4, 5 mM iso-ascorbic acid, 5 mM DTT, 1% (w/v) 
PVP-40, 1 μg/mL leupeptin, and 0.5 mM PMSF.  The nodule extracts were then 
passed through two layers of Miracloth and intact symbiosomes were isolated on 
discontinuous Percoll (Sigma) gradients as described by Udvardi and Day 
(1989).  Isolated symbiosomes were broken by extrusion through a 25 gauge 
needle three times, and symbiosome membranes were separated from the 
bacteroids and symbiosome space fraction by differential centrifugation.  The 
final purified symbiosome membrane fraction was stored at -80°C in 20 mM 
MOPS-NaOH pH 7.0, 150 mM KCl, 100 μM PMSF, 1 μM leupeptin, 1 μM 
pepstatin A until further analysis.    
Intact symbiosome membrane vesicles for transport studies were 
prepared from the soybean nodule extracts as described by Christiansen et al. 




extracted on ice using an ice-cold motar and pestle in 250 mM sucrose, 50 mM 
HEPES-KOH, pH 7.5, 5 mM EDTA, 0.1 mM EGTA, 20 mM iso-ascorbic acid, 5 
mM DTT, 1% (w/v) PVP-40, 1 μg/mL leupeptin, and 0.5 mM PMSF.  Cell debris 
were removed by centrifugation at 100g in a Sorvall SS-34 rotor at 4°C for 10 
minutes.  To remove bacteroids, the symbiosomes were ruptured by vortexing at 
the highest setting for 2 minutes in resuspension buffer (330 mM sucrose and 5 
mM KH2PO4 at pH 7.8), and the symbiosome vesicles were isolated by the 
centrifugal two-phase partitioning.  For vesicles used for stopped-flow 
spectrometry analysis, 100 μM carboxyfluorescein (CF) dye was added into the 
resuspension buffer before vortexing isolated symbiosomes.  The final pellet of 
symbiosome vesicles was resuspended in dye-free resuspension buffer and was 
stored at 4°C or -80°C until analysis.   
 
Phosphorylation and dephosphorylation treatment of isolated symbiosome 
vesicles   
For calcium-dependent phosphorylation of nodulin 26 in intact 
symbiosome membrane vesicles, isolated symbiosome vesicles were incubated 
for 1 hour at 30°C in 10 mM Mg-acetate, 25 mM MOPS-NaOH, pH 7.0, 250 mM 
sorbitol, 2 mM ATP, and 1 mM CaCl2.  For dephosphorylation of nodulin 26, 
isolated symbiosome vesicles were incubated with 20 units/mL shrimp alkaline 
phosphatase (SAP, Promega) for 1 hour at 30°C in 25 mM Tris-HCl, pH 8.0, 3 




symbiosome vesicles were centrifuged at 100,000g at 4°C for 1 hour.  The final 
pellet of symbiosome vesicles was resuspended in either 250 mM sorbitol, 30 
mM KCl, 10 mM HEPES-KOH, pH 6.8 for ammonia permeability measurements 
or 330 mM sucrose, 5 mM HEPES-KOH, pH 7.0, 100 μM CaCl2 for osmotic water 
permeability measurements, and was stored at 4°C until analysis.   
 
Isolation of symbiosome membrane vesicles from flooding samples   
For analysis of the effects of flooding treatments on ammonia and water 
permeabilities in symbiosome vesicles, soybean plant roots were submerged in 
the water for 6 hours with continuous N2 gas bubbling.  Intact symbiosome 
membrane vesicles for transport studies were prepared from the flooding-treated 
soybean nodule extracts as described above, using an aqueous two-phase 
partitioning method.  For stopped-flow spectrometry analysis, symbiosome 
vesicles were loaded with 100 μM CF.  The final pellet of symbiosome vesicles 
was resuspended in dye-free resuspension buffer (330 mM sucrose, 5 mM 
KH2PO4, pH 7.8) and was stored at 4°C or -80°C until analysis.   
 
Molecular cloning techniques for construction of His6-nodulin 26 in Pichia 
pastoris expression vectors   
Soybean nodulin 26 ORF was amplified by PCR reaction from nodule 
cDNA with the primer set shown in figure 2.1.  For nodule cDNA preparation, 









Figure 2.1.  Construction of Pichia expression system for nodulin 26.  Schematic 
representation of Pichia expression vector inserted with a six histidine tag and nodulin 
26 coding sequences containing two stop codons.  The sequence of PCR primer set 
used for nodulin 26 cDNA amplification is indicated in the box below.  The BamHI and 
NotI restriction sites are underlined and the region encoding a six histidine amino 
terminal tag and two stop codons are shown in bold.  Kozak consensus sequence was 
designed to add a start codon.  The reverse primer has two stop codons following a NotI 
restriction site.  5’AOX1, an 937 bp fragment containing the alcohol oxidase promoter, 
allowing methanol-inducible high level expression; TT, native transcription termination 
and polyadenylation signal from AOX1 gene; HIS4, Pichia wild-type gene coding for 






the Plant RNA Purification Reagent (Invitrogen) followed by RNAse-free DNase I 
treatment with the DNA-freeTM kit (Ambion) using the manufacturer's instructions.  
Four μg of total RNA was reverse-transcribed into cDNA with the SuperScriptTM 
first-strand synthesis system for reverse transcription-PCR (Invitrogen).  PCR 
reaction was performed using the following parameters: 1 cycle of 5 min at 94°C, 
5 cycles of 30 sec at 94°C, 40 sec at 57°C, 2 min at 72°C and 31 cycles of 30 
sec at 94°C, 40 sec at 61°C, 2 min at 72°C, and 15 min at 72°C.  Specific 
amplification of the nodulin 26 DNA was confirmed by agarose gel 
electrophoresis (1% (w/v) agarose in 40 mM Tris-acetate, pH 8.3 and 1 mM 
EDTA) analysis of PCR products.  The PCR product was cloned into BamHI and 
NotI digested pPIC3.5K vector (Invitrogen) (Fig. 2.1), which was transformed into 
E. coli DH5α and positive clones were verified by DNA sequencing of purified 
plasmid samples by using a Perkin Elmer Applied Biosystems 373 DNA 
sequencer at the University of Tennessee Molecular Biology Research Facility, 
Knoxville, TN.   
For Pichia transformation, the pPIC3.5K plasmid construct containing His6-
nodulin 26 was linearized by digestion with SacI, and the linearized construct 
was transformed and incorporated into genomic DNA of methylotrophic P. 
pastoris strains (GS115 of which genotype represents his4, AOX1, AOX2 and 
phenotype represents His–, Mut+) (Invitrogen) by electroporation using an 
Electroporator II (Invitrogen) with pulse conditions at 1.5 kV, 200 Ω, 25 µF (Wu 




Transformants containing His6-nodulin 26 were selected by growth on 
histidine-deficient minimal dextrose agar plates containing 250 µg/mL geneticin.  
Since the Pichia host strains have a mutation in the histidinol dehydrogenase 
gene (his4) that prevents them from synthesizing histidine, the transformants 
containing HIS4 can be selected (Fig. 2.1).  The clones with the highest His6-
nodulin 26 expression were identified by immunoblotting with antibodies against 
either nodulin 26 C-loop regions (Vincill et al., 2005) or a commercial antibody 
against the His6 tag (Thermo Scientific).   
  His6-nodulin 26 phosphorylation site mutant (S262D) was amplified by 
PCR reaction with the primer set shown in figure 2.1, using a construct of nodulin 
26 S262D in pRSETA vector prepared as previously described (Lee et al., 1995) 
as a template.  The PCR reaction was performed using the following parameters: 
1 cycle of 5 min at 94°C, 5 cycles of 1 min at 94°C, 1 min at 55°C, 1 min at 72°C 
and 30 cycles of 1 min at 94°C, 1 min at 63°C, 1 min at 72°C, and 1 cycle of 10 
min at 72°C.  Specific amplification of the phospho-mimic nodulin 26 DNA was 
confirmed by agarose gel electrophoresis analysis of PCR products.  The DNA 
sequence of “GAT” coding aspartate (D) at 262nd of nodulin 26 instead of wild-
type serine (S) was verified by using a Perkin Elmer Applied Biosystems 373 
DNA sequencer at the University of Tennessee Molecular Biology Research 
Facility, Knoxville, TN.  Further cloning into pPIC3.5K vector and Pichia 





Expression and purification of His6-nodulin 26 from Pichia pastoris   
P. pastoris expression clones were cultured and protein expression was 
induced as previously described (Karlsson et al., 2003).  Fifty mL of YPD medium 
(1% (w/v) yeast extract, 2% (w/v) peptone and 2% (w/v) dextrose) was inoculated 
with a single colony, and the culture was incubated at 30°C with shaking at 220 
rpm overnight.  The cells from the 50 mL seed culture were collected by 
centrifugation at 1,000g in a Sorvall SS-34 rotor at 4°C for 5 minutes, and were 
resuspended in 20 mL of buffered glycerol complex medium (BGM: 100 mM 
potassium phosphate, pH 6.0, 1.34% (w/v) yeast nitrogen base, 4 x 10-5% (w/v) 
biotin and 1% (w/v) glycerol) (Pichia Expression Kit, Invitrogen) by vortexing and 
transferred into final volume of 400 mL BGM.  The culture was grown at 30°C 
with shaking at 220 rpm for 24 hours.  The cells were collected by centrifugation 
and were resuspended in 1 L of buffered methanol complex medium (BMCM: 
100 mM potassium phosphate, pH 6.0, 1.34% (w/v) yeast nitrogen base, 4 x 10-
5% (w/v) biotin and 0.5% (v/v) methanol) (Pichia Expression Kit, Invitrogen) to a 
final cell density of A600 = 1.0, and were grown in a 4 L baffled flask at 30°C for 
72 hours with shaking at 220 rpm.  Expression of the His6-nodulin 26 was 
induced by addition of 0.5% (v/v) methanol in the BMCM culture media.  To 
preserve protein induction, 0.5% (v/v) methanol was added to the culture at 24 
hours and 48 hours after starting induction.  The cells were harvested after 72 




The cell pellet was resuspended in 40 mL 20 mM Tris-HCl, pH 8.0, 100 
mM NaCl, 0.5 mM EDTA, 5% (v/v) glycerol, 1 μg/mL leupeptin, 1 μg/mL pepstatin 
A, 0.5 mM PMSF.  The cells were disrupted by using a French-Press Cell 
Disrupter (Thermo Scientific) with 3 passages at 1,500 psi, and cell extracts were 
cleared by centrifugation at 7,000g in a Sorvall SS-34 rotor for 45 minutes at 4°C.  
The membrane fraction was isolated from the resulting supernatant fraction by 
ultracentrifugation at 200,000g in a Beckman Ti-60 rotor for 1 hour at 4°C.  For 
stripping, the pellet was resuspended in 20 mL 5 mM Tris-HCl, pH 9.5, 5 mM 
EDTA, 5 mM EGTA, 4 M Urea and was homogenized using a hand-operated 
dounce homogenizer by slowly pressing the pestle on to the sample.  To remove 
the urea solution, the sample was centrifuged at 200,000g for 1 hour at 4°C, and 
was resuspended in 20 mL of 10 mM Tris-HCl, pH 8.0.  For solubilization, the 
urea-stripped membrane pellet was centrifuged at 200,000g for 1 hour at 4°C 
and resuspended in 20 mL of solubilization buffer (20 mM Tris-HCl, pH 8.0, 100 
mM NaCl, 5% (v/v) glycerol, 20 mM imidazole, 3% (w/v) n-octyl-β-D-
glucopyranoside (OG)) and was solubilized by gentle shaking at 60 rpm for 24 
hours at 4°C.    
One mL (packed volume) of Ni+-NTA (nitrilotriacetic acid) resin (Qiagen) 
was washed and pre-equilibrated in the 3 mL of solubilization buffer.  The OG-
solubilized sample was centrifuged at 12,000g for 20 minutes, and the 
supernatant fraction was transferred to a new tube containing the pre-




incubated by gentle shaking at 60 rpm overnight at 4°C.  The mixture was then 
centrifuged at 3,000g for 2 minutes to pellet the NTA matrix, and the unbound 
protein fraction in the supernatant fraction was discarded.  The pelleted NTA 
resin was resuspended in 20 mL of wash buffer (20 mM Tris-HCl, pH 8.0, 300 
mM NaCl, 35 mM imidazole, 1% (w/v) OG), and was recollected by centrifugation.  
The washing step was repeated with an additional 20 mL of washing buffer.  The 
NTA-resin mixture was packed into a column, and was washed with an additional 
10 mL of washing buffer.  His-tagged nodulin 26 was then eluted with elution 
buffer (20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 500 mM imidazole, 1% (w/v) OG).  
Fractions (0.5 mL) were collected and analyzed by SDS-PAGE and Western blot 
using both anti-His6 (Thermo Scientific / Pierce Antibodies) and anti-nodulin 26 
antibodies (Vincill et al., 2005).  Fractions containing nodulin 26 were 
concentrated to 0.5-1.0 mg/mL using a Vivaspin sample concentrator with 50 
kDa cutoff (GE healthcare).   
The sample was dialyzed for 24 hr at 4°C against 500 mL of 20 mM Tris-
HCl, pH 7.8, 0.9% (w/v) OG, 0.1 mM 2-mercaptoethanol and 1 μM leupeptin.  
The protein concentration was determined by using the BCA protein assay 
reagent (Thermo Scientific), and the dialyzed nodulin 26 was stored at -80°C until 







Proteoliposome reconstitution   
Proteoliposome reconstitution was performed by a rapid dilution protocol 
as previously described (Dean et al., 1999).  Nodulin 26 (200 ~ 250 μg) was 
combined with 10 mg of bath-sonicated Escherichia coli total lipid extracts 
(Avanti Polar Lipids) in 50 mM Tris-HCl (pH 7.5), and 0.125% (w/v) OG in a final 
volume of 1.0 mL.  Control liposomes were prepared by a similar manner except 
nodulin 26 was omitted.  The mixture was incubated on ice for 30 minutes, and 
liposomes were formed by rapidly injecting the sample into 20 mL of fluoro-buffer 
(250 mM sorbitol, 30 mM KCl, 10 mM HEPES-KOH, pH 6.8, 100 μM 
carboxyfluorescein (CF)) at room temperature.  The liposome mixture was 
incubated for 30 min and the liposomes were pelleted by ultracentrifugation at 
100,000g for 1.5 hours at 4°C.  The liposome pellet was washed against 5 mL of 
dye-free fluoro-buffer in order to remove the residual CF present outside 
liposome vesicles, and was centrifuged again.  The washed liposome pellet was 
resuspended in 1 mL of dye-free fluoro-buffer and was stored at 4°C until 
analysis.   
 
Ammonia permeability (PNH3) measurements in symbiosome membrane 
vesicles and proteoliposomes    
Permeability measurements for NH3 uptake in symbiosome vesicles and 
liposomes were performed as described by Niemietz and Tyerman (2000), using 




492 nm, emission filtered with 515 cut-off filter) (Applied Photophysics).  Both 
100 μM CF-loaded symbiosome membrane vesicles and liposome samples (20 
µL) in 250 mM sorbitol, 30 mM KCl, 10 mM HEPES-KOH, pH 6.8 were injected 
into an equivalent volume of 250 mM sorbitol, 30 mM KCl, 10 mM NH4Cl, 10 mM 
HEPES-KOH, pH 6.8, and the increase in CF fluorescence resulting from NH3 
uptake and alkalinization of the internal vesicle and liposome space was 
monitored.  Under the conditions of this experiment, changes of the internal pH 
were linearly correlated with changes of the relative fluorescence.  The 
fluorimeter was controlled by Pro-Data software (Applied Photophysics), and 
fluorescence data were collected (1000 points) at time intervals of 0.2 s or 0.4 s 
with a measured dead time of 10 ms.  Data from five injections/sample were 
averaged.  A single exponential function was fitted to the time course of relative 
fluorescence changes by using Prism software (Version 5.01, GraphPad), and 
rate constant was determined from the curve fit (Equation 2.1).   
 
                                        Y = Y0 + (A-Y0)(1-exp-kX)                                  (Eq. 2.1) 
 
Where Y represents the relative fluorescence, Y0 is the Y value when X is zero, A 
is the plateau fluorescence, k is the rate constant, and X is the time.   
To determine PNH3, the differential equations described by Boron and 
DeWeer (1976) were modified based on the parameters of the experimental 

































































                                                                                                                   (Eq. 2.3) 
                                                                                     (Boron and De Weer, 1976) 
 
[Amtotal]i =  total concentration of NH3 + NH4+ inside the liposome space; [H+]i = 
total proton concentration inside the liposome space; Ka is the equilibrium 
constant defining NH4+ deprotonation (pKa = 9.24); SAV is the surface area to 
volume ratio of the liposomes (4πr2 / 4/3πr3 = 3/r); [NH3]o is the external 
concentration of ammonia; β is the buffer capacity of the liposome space; and 
PNH3  is the ammonia permeability constant.   
The diameters of nodulin 26 proteoliposomes and symbiosome membrane 
vesicles were determined by transmission electron microscopy (TEM with a Zeiss 
Libra 200 MC model at the University of Tennessee Advanced Microscopy and 
Imaging Center, Knoxville, TN) followed by uranyl acetate negative staining as 
described in (Dean et al., 1999).  ImageJ software (National Institutes of Health) 
was used to determine the average vesicle diameters.  The diameters of the 




NanoStar instrument (Wyatt Technology).  The buffer capacity was measured by 
monitoring the change in fluorescence (an internal reporter of pH) in response to 
proton flux via addition of a membrane permeant acid (acetic acid).  The pH 
standard curve for the fluoro-buffer was generated by measuring the relative 
fluorescence at pH ranging from 6.4 to 7.4 using a Felix32 spectrofluorimeter 
(Photon Technology International, PTI).  Upon addition of 2 mM acetic acid in the 
liposome vesicles, the fluorescence change was measured and interpolated to 
obtain change in pH inside vesicles.  The buffer capacity (β) of the liposome 
space was then calculated as follows; β = Δ [CH3COOH-] / ΔpH.    
The system of differential equations (Equation 2.2 and 2.3) was solved 
numerically in Mathematica 7 (Wolfram) using the experimental conditions to 
generate a set of theoretical curves describing the change in intracellular pH as a 
function for varying PNH3.  Rate constants from experimental stopped flow data fit 
to a single exponential were used to determine PNH3 based on fitting to simulated 
theoretical curves in Mathematica 7 (Wolfram).    
 
Osmotic water permeability (Pf) measurements in symbiosome membrane 
vesicles and proteoliposomes    
The osmotic water permeability (Pf) of symbiosome vesicle and liposome 
preparations was determined by the light scattering technique as previously 
described (Niemietz and Tyerman, 1997; Niemietz and Tyerman, 2000).  Light 




stopped-flow spectrophotometer at 600 nm with 515 cut-off filter (Applied 
Photophysics).   
Symbiosome vesicles suspended in isosmotic buffer (330 mM sucrose, 5 
mM HEPES-KOH, pH 7.0, 100 μM CaCl2 at 370 mOsm) and proteoliposomes 
suspended in dye-free fluoro-buffer (250 mM sorbitol, 30 mM KCl, 10 mM 
HEPES-KOH, pH 6.8) were rapidly mixed with a hyperosmotic buffer by using the 
Applied Photophysics stopped-flow fluorimetry to create a 200 mOsm osmotic 
gradient across vesicle membranes.  The time course of vesicle shrinking as 
water effluxed from the vesicle interior was followed as an increase in light 
scattering shown by downward deflection of the stopped-flow trace.  The 
fluorimeter was controlled by Pro-Data software (Applied Photophysics), and 
data were collected (1000 points) at time intervals of 0.2 s or 1 s.  A single 
exponential function was fitted to the time course of the downward deflection of 
scattered light linearly correlating to vesicle shrinking, and rate constant was 
determined from the curve fit.  By using the rate constant, Pf was calculated (van 
Heeswijk and van Os, 1986; Niemietz and Tyerman, 1997).  The equation for Pf 
is:    
 
                                             Pf = (V/A)(k)(1/Vw)(1/Co)                               (Eq. 2.4) 
 
where V/A is the volume over surface area of the vesicle, k is the rate constant 




cm3/mol), and Co is the external osmolarity.  The osmolarity of all buffers was 
measured using an Osmette S automatic osmometer (Precision Systems).   
 
Calculation of activation energy (Ea) for ammonia transport   
 The activation energy was determined as a function of the temperature 
dependence of the ammonia transport rate by generating Arrhenius plots.  
Ammonia uptake assay in proteoliposomes and negative control liposomes was 
performed at various temperatures between 15°C and 30°C.  Rate constants 
were obtained by experimental single exponential curve fits of the ammonia 
uptake measurements (Equation 2.1).  The natural log of the rate constant was 
plotted versus the inverse of degrees kelvin (T), and the activation energy was 
calculated by multiplying the slope of the line by the gas constant (R = 8.314 
J/mol/kelvin).   
 
Calculation of single channel unit transport conductance (pNH3 and pf)     
The single channel rate (pNH3 for NH3 flux and pf for water transport) per 
nodulin 26 monomer was determined by standardizing PNH3 and Pf to the surface 
density of nodulin 26 on proteoliposomes by the approach of Dean et al. (1999).  
The surface area (SA) and volume (V) of the liposome vesicles were calculated 
from vesicular diameter (SA = 4πr2, V = 4/3πr3, r = vesicle radius).  The number 
of nodulin 26 molecules per unit vesicle surface area was calculated from the 




The total intravesicular volume was measured by lysing the vesicles with 
TritonX-100 and determining the total CF fluorescence released from unit volume 
of vesicles.  The fluorescence released from the vesicles was interpolated into a 
standard CF curve, and the total CF concentration was determined.  Thus, the 
total internal vesicle volume was calculated by using three determinants: 1. the 
measured total CF concentration, 2. the experimentally loaded concentration of 
CF (100 µM), and 3. the final volume of the test solution.    
The total amount of the nodulin 26 reconstituted into liposomes was 
quantitated by Western blot with nodulin 26 C-loop-specific antisera (Vincill et al., 
2005) comparing to densitometry determinations of purified nodulin 26 standard 
protein as described in (Dean et al., 1999).  The measured amount of the nodulin 
26 was divided by theoretical molecular weight of the nodulin 26 (MW = 29867.63 
for His6-nodulin 26) and multiplied by Avogadro constant (6.022 x 1023), finally 
resulting in the total number of the nodulin 26 monomers.    
The unit transport conductance (pNH3(or f)) for nodulin 26 was calculated 
from equation 2.5 based on the unit surface density of nodulin 26 and the 
determination of the permeability coefficient.    
 
                                               pNH3(or f) = PNH3(or f) / SuD                             (Eq. 2.5) 
 
Where PNH3(or f) is the measured permeability coefficient (cm/s), and SuD is the 




monomers/cm2).  Additionally, assuming one transport channel per nodulin 26 
monomer, the pNH3 represents the number of ammonia molecules, which is the 
turnover number per channel (TNH3) as molecules/channel/s (Equation 2.6) 
(Saparov et al., 2007).   
 
                                               TNH3 = NA x pNH3 / VNH3                                (Eq. 2.6) 
 
Where TNH3 is the turnover number per channel, NA is the Avogadro constant and 
VNH3 is the molecular volume of NH3, respectively.  
 
Two-dimensional electrophoresis   
Two-dimensional electrophoretic analysis of affinity purified native 
glutamine synthetase (GS) was performed as described in (Gorg et al., 2000) 
with minor modifications.  Five μg of affinity purified native GS (Masalkar et al., 
2010) in 50 μL of 5 mM Tris-HCl, pH 7.5, 6 M urea was resuspended in a final 
volume of 150 μL for 7 cm ReadyStrip IPG strip, (immobilized linear pH 5-8 
gradient from Bio-Rad) with 8 M urea, 2% (w/v) OG, 4% (w/v) CHAPS, 1% (w/v) 
dithiotreitol (DTT), 0.16% (v/v) Biolytes 5-7, 0.04% (v/v) Biolytes 3-10, and trace 
bromophenol blue.  The strips were placed in strip trays (Bio-Rad) and were 
covered with 0.5 mL of mineral oil (Sigma).  Rehydration and isoelectric focusing 
(IEF) were performed in a PROTEAN IEF cell apparatus (Bio-Rad) at 20°C using 




for 12 hr and subsequently focused using the following five steps; 100 V for 200 
Vhr, 500 V for 500 Vhr, 1000 V for 1000 Vhr, 1000 to 8000 V for 1 hr, and 
maintained at 8000 V for 8000 Vhr.  The IPG strips were equilibrated twice for 15 
min after IEF with gentle shaking in 5 mL of 50 mM Tris-HCl, pH 6.8, 6 M urea, 
20% (v/v) glycerol, and 2% (w/v) SDS.  Two percent (2% w/v) DTT was added to 
the first equilibration step followed by the addition of 2.5% (w/v) iodoacetamide in 
the second equilibration step.  The IPG strips were placed on top of the 8.5% 
SDS-PAGE gels and were sealed with 0.7% (w/v) agarose in SDS 
electrophoresis buffer (25 mM Tris base, 192 mM glycine, and 0.1% (w/v) SDS) 
and second-dimensional separation by SDS-PAGE was performed.  The gels 
were stained with 0.1% (w/v) Coomassie Brilliant Blue R-250 in 50% (v/v) 
methanol and 10% (v/v) glacial acetic acid, and were destained in 20% (v/v) 
methanol and 10% (v/v) glacial acetic acid.    
 
In-gel digestion  
Proteins purified by CK-25 affinity chromatography (Masalkar et al., 2010) 
were identified by peptide mass fingerprinting method as described in (Jensen et 
al., 1999) with minor modifications.  After SDS-PAGE and Coomassie blue 
staining, the stained protein spots were excised from stained gels, and a 
background control was cut from a blank region of the gel and processed in a 
parallel manner with the stained protein band samples.  The excised gel pieces 




water (ddH2O) for 15 min, 100 μL 50% (v/v) acetonitrile for 15 min, brief washes 
with 100 μL 100% (v/v) acetonitrile, 100 μL 100 mM NH4HCO3 for 5 min, and 100 
μL of 50 mM NH4HCO3 and 50% (v/v) acetonitrile for 15 min.    
After the washing and destaining steps, the supernatant was removed, 
and the excised gel pieces were dried in a SpeedVac centrifuge (Savant).  Fifty 
μL of 10 mM DTT in 100 mM NH4HCO3 was added to the dried gel pieces and 
the sample was incubated at 56°C for 1 hr.  After cooling to room temperature, 
the DTT solution was replaced with the same volume of 55 mM iodoacetamide in 
100 mM NH4HCO3 to allow alkylation of free sulfhydryl groups.  After incubation 
for 45 min at ambient temperature in the dark with occasional vortexing, the gel 
pieces were washed with 100 μL of 100 mM NH4HCO3 for 5 min, dehydrated by 
incubation with 100 μL of 100% (v/v) acetonitrile for 5 min, rehydrated in 100 μL 
of 100 mM NH4HCO3 for 5 min, and dehydrated again by addition of the same 
volume of 100% (v/v) acetonitrile.  The liquid solution was removed, and the gel 
pieces were completely dried in a SpeedVac centrifuge.   
TPCK-treated trypsin (Pierce) was used for tryptic digestion of protein 
samples.  Four μL of 0.05 μg/μL trypsin in 10 mM NH4HCO3 was added to the gel 
pieces, and the sample was incubated at 4°C for 1 hr until the trypsin solution 
was absorbed into the gel pieces.  After incubation, residual trypsin solution was 
removed and the gel pieces were incubated in 50 μL of 25 mM NH4HCO3, 2 mM 
CaCl2 at 37°C for 16 hr.  One μL of trifluoroacetic acid (TFA) was added into 




Fifty μL of 1% (v/v) TFA in 60% (v/v) acetonitrile was added into the acidified 
tryptic peptide solution and dried down in the SpeedVac centrifuge.    
ZipTip pipette tips (Millipore), which contain C18 spherical silica (15 µm, 
200 Å pore size) in a 0.6 μL bed volume, were used for the desalting of the tryptic 
peptides (Erdjument-Bromage et al., 1998).  The tips were washed with 100% 
(v/v) acetonitrile, and then were equilibrated with 0.1% (v/v) TFA.  The dried 
pellet was resuspended in 15 μL of 0.1% (v/v) TFA, and the peptide solution was 
bound to the ZipTip which is pre-equilibrated with 0.1% (v/v) TFA.  Samples were 
aspirated by gentle pipetting for 10 cycles using a single channel pipette 
(Pipetman P10, Gilson).  The ZipTip was washed with 10 μL of 0.1% (v/v) TFA 
and 10% (v/v) acetonitrile twice.  The digested peptides were eluted using 5 μL of 
elution buffer (5 mg/mL saturated α-cyano-4-hydroxy-cinnamic acid in 30% (v/v) 
acetonitrile and 0.05% (v/v) TFA).    
 
Mass spectrometric peptide fingerprinting    
All mass spectra were acquired on a Bruker microflex time-of-flight mass 
spectrometer (Bruker Daltonics) with a nitrogen laser operating at 337 nm on a 
positive-ion mode.  System operation and data acquisition was performed by 
using Flex Analysis software (Bruker Daltonics).   
Prior to each analysis in the reflectron method, the mass spectrometer 
was externally calibrated using the calculated masses of peptide calibration 




substance P, bombesin, porcine renin substrate tetradecapeptide, ACTH clip 
fragments 1-17 and 18-39, and somatostatin 28. One μL of desalted sample was 
spotted directly onto the AnchorChip target plate (Bruker Daltonics) of the mass 
spectrometer.  The acceleration voltage was set to 20 kV, and the pressure in the 
TOF analyzer was about 6 × e-7 bars.      
The obtained tryptic digested-peptide mass spectra were analyzed 
searching the NCBI nonredundant protein database with ProFound provided by 
the Laboratory of Mass Spectrometry and Gaseous Ion Chemistry available 
online (http://prowl.rockefeller.edu/prowl-cgi/profound.exe).  Peptide masses 
were assumed to be monoisotopic, and methionine residues were assumed to be 
partially oxidized.  Additionally, the searches were performed with an addition of 
carbamidomethylation of cysteine residues, and a maximum of two missed 
cleavages for tryptic digests were allowed.  The mass tolerance was set to 0.32 
daltons.   
 
Total RNA isolation and quantitative real time PCR (Q-PCR)       
Total RNA was isolated from soybean plant tissue samples by using the 
Plant RNA Purification Reagent (Invitrogen) followed by RNAse-free DNase I 
treatment using the DNA-freeTM kit (Ambion).  Four μg of total RNA was reverse-
transcribed into cDNA with the SuperScriptTM first-strand synthesis system for 
reverse transcription-PCR (Invitrogen).  Q-PCR was performed with 10 ng cDNA 




performed by using iQ5 Optical System software (Bio-Rad).  Glycine max nodulin 
26 (GmNod26), pyruvate decarboxylase (GmPDC), and leghemoglobin (GmLba) 
transcripts were analyzed by using the primer sets in table 2.2.  The Glycine max 
CDPK-related protein kinase (GmCRK) gene was used as an internal reference 
for standardization as described in (Libault et al., 2008) (Table 2.2).  Q-PCR was 
performed using the following parameters: 1 cycle of 5 min at 50°C, 1 cycle of 10 
min at 95°C, and 45 cycles of 30 sec at 95°C, 45 sec at 48°C and 45 sec at 72°C 
in a 96-well optical PCR plate (ABgene).  Specific amplification of target genes 
was confirmed both by electrophoresis and by melting curve analysis of PCR 
products.  The relative expression value of each gene was calculated by using 
the comparative threshold cycle (Ct) method as previously described (Pfaffl, 
2001).  ΔCt was calculated using Equation 2.7,  
 
                                        ΔCt = Ct(target) – Ct(reference)                                (Eq. 2.7)  
 
where Ct(target) is the Ct value of gene of interest, and Ct(reference) is the Ct value of 
the soybean CDPK-related protein kinase.  ΔΔCt values were calculated using 
Equation 2.8,  
 













Table 2.2.  Primer sets for Quantitative Real Time PCR (Q-PCR) 
 
a, Glycine max nodulin 26; b, pyruvate decarboxylase; c, leghemoglobin; d, putative 



























where Ct(sample) represents the expression value of the gene of interest calculated 
by Equation 2.7, and Ct(calibrator) is the expression value of the sample to which 
other samples in the data set are normalized.  Each Ct(calibrator) of individual Q-
PCR experiments is indicated in the figure legends. The relative expression value 
was obtained from ΔCt values by using Equation 2.9,   
 
                                         Relative expression = 2-ΔCt                              (Eq. 2.9)  
 
Microscopic analysis for soybean nodule    
 Soybean nodules were dissected into 1 to 2 mm pieces with a razor blade, 
were placed into 1 mL of Carson’s formalin fixative (Fisher Scientific), and were 
incubated at 4°C overnight.  The dissection samples were washed in 100 mM 
potassium phosphate (pH 6.8) 3 times for 10 minutes each and were postfixed in 
2% (w/v) osmium tetroxide, 50 mM KH2PO4 (pH 6.8) at room temperature for 90 
minutes.  The samples were washed in distilled water several times and 
dehydrated through a graded acetone series as follows: 25% (v/v), 50% (v/v), 
75% (v/v), 95% (v/v), 100% acetone for 30 min each, and were incubated in 
100% propylene oxide (PO) for 15 min twice.  The dehydrated tissue samples 
were infiltrated with 100% Spurr resin at 68°C for 48 hours after pre-equilibration 
steps with Spurr mix (Spurr resin and polypropylene).  
 For sectioning, the tissue blocks were cut into less than 1 µm-thin with an 




thin sections were placed on glass slides and stained with 0.5% (w/v) toluidine 
blue in 1% (w/v) borax for 2 minutes.  The stained sections were then subject to 
a bright-field optical microscope (Nikon Eclipse E600) at the Advanced 
Microscopy and Imaging Center of University of Tennessee, Knoxville.  For size 
analysis of infected cells at the core of the nodules, the optical microscope 
images with 40 x magnification were used to measure perimeters of the infected 
cells using the ImageJ software (National Institutes of Health).   
 
Immunochemical techniques     
Western blot analysis was performed by a modification of previous 
methods (Weaver et al., 1991; Zhang and Roberts, 1995).  After resolution by 
SDS-PAGE on 12% (w/v) polyacrylamide gels, protein samples were transferred 
onto Immobilon-P polyvinylidene fluoride membranes (PVDF, Millipore) which 
was soaked in transfer buffer containing 200 mM glycine, 25 mM Tris-base, 20% 
(v/v) methanol at 70 ~ 80 mA for 1 hour by using a Bio-Rad Semi-Dry Transfer 
Cell unit (Bio-Rad).  Blotted membranes were incubated for 1 hour in blocking 
solution containing 7% (w/v) nonfat dry milk in PBS (137 mM NaCl, 2.7 mM KCl, 
10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4).  The membrane blots were washed 
three times for 10 minutes in PBS containing 0.05% (v/v) Tween-20.  Primary 
antibody and secondary antibody incubations were performed for 1 hr at 37°C, in 
PBS containing 3% (w/v) nonfat dry milk.  Nodulin 26-specific antibody was 




phosphorylation-specific nodulin 26 antibody was prepared against synthetic 
phosphorylation epitope containing peptide sequences of C-terminus of nodulin 
26 homolog (CEITKNVS(PO4)FLKG, referred to as GC12P) (Guenther et al., 
2003).  The secondary antibody consisted of 0.2 μg/mL horse radish peroxidase-
labeled goat anti-rabbit IgG (Vector Laboratories).  After antibody incubations, 
the membrane blots were washed three times for 10 minutes in PBS containing 
0.05% (v/v) Tween-20.  Chemiluminescent detection was performed by 
incubation of membranes with 10 mL of 1.25 mM luminol, 0.2 mM p-coumaric 
acid, and 0.009% (v/v) hydrogen peroxide in 0.1 M Tris-HCl, pH 8.5 for 1 min.  
The blots were either immediately exposed to X-ray film (Phenix) or were 
analyzed by image documentation system, ChemiDocTM XRS (Bio-Rad).  The 
intensity of the Western blot signals were quantitated by densitometry 
(ChemiDocTM XRS, Bio-Rad) analysis using digitally scanned X-ray film and the 
Quantity One software (Bio-Rad).   
For analysis of protein expression in Xenopus oocytes, lysates containing 
yolk-free membrane fractions were generated by method described by Guenther 
et al. (2003).  Oocytes lysates (10 to 20 μg total protein) were resolved by SDS-
PAGE on 12% (w/v) polyacrylamide gels, and proteins were transferred to PVDF 
membranes (Millipore).  The blotted membranes were blocked for 1 hour in 
blocking solution containing 7% (w/v) nonfat dry milk in PBS.  The membranes 
were washed three times for 10 minutes in PBS containing 0.05% (v/v) Tween-




(Stratagene) and nodulin 26 C-loop antibody (Vincill et al., 2005) were performed 
for 1 hr at 37°C in PBS containing 3% (w/v) nonfat dry milk.  Peroxidase-labeled 
horse anti-mouse IgG (Vector Laboratories) for FLAG peptide detection and goat 
anti-rabbit IgG (Vector Laboratories) for detection of nodulin 26 were used as 
secondary antibody incubations for 30 min at 37°C in PBS containing 3% (w/v) 
nonfat dry milk.  After antibody incubations, the membrane blots were washed 
three times for 10 minutes in PBS containing 0.05% (v/v) Tween-20, and protein 
signals were detected.    
 
General analytical techniques   
Protein visualization on SDS-PAGE gels was done by staining with 0.1% 
(w/v) Coomassie Blue R-250 (Bio-Rad) in 50% (v/v) methanol and 10% (v/v) 
glacial acetic acid as described above for two-dimensional electrophoresis, or by 
staining with silver stain kit (Thermo Scientific) using the manufacturer's 
instructions.  Protein quantitation was performed by using the BCA assay 
(Thermo Scientific).  Bovine serum albumin was used as a standard.    
 
Bioinformatic techniques   
Upstream regions of the soybean nodulin 26 gene (Glyma08g12650.1) 
were obtained from the soybean genome database of phytozome 
(http://www.phytozome.net/soybean).  The 1.5 kb-long genomic sequences were 




“PlantCARE,” a database of plant cis-acting regulatory elements 




























Stopped-flow assays for water and ammonia transport in membrane 
vesicles  
In order to perform functional analysis of NH3 efflux on vesicles 
containing the membrane channel protein nodulin 26, a stopped flow method 
based on fluorimetric approaches was developed, and was initially tested by 
using isolated symbiosome membrane (SM) vesicles.  The rationale for the assay 
is shown in figure 3.1 A.  SM vesicles loaded with the 100 μM CF dye were 
injected with identical dye-free buffer containing an additional 10 mM NH4Cl.  
Uptake of NH3 from the medium into the vesicle is followed by protonation which 
causes alkalinization of the vesicle interior leading to an increase of CF 
fluorescence (Fig. 3.1 A).  Changes of the intravesicular pH were linearly 
correlated with changes of the relative fluorescence.  The time course of relative 
fluorescence changes was fit to a single exponential function, and the rate 
constant was determined from the curve fit (Fig. 3.1 B).    
To determine the osmotic water permeability (Pf), a similar approach using 













Figure 3.1.  Ammonia permeability measurements in membrane vesicles.  (A) 
Schematic representation of ammonia (NH3) uptake assay, and (B) change of 
fluorescence traces detected by stopped-flow fluorimetry.  (A) 100 μM CF dye-loaded 
SM vesicles were injected with identical dye-free buffer containing additional 10 mM 
NH4Cl by a stopped-flow device.  NH3 entering SM vesicles results in alkalinization and 
increases the fluorescence inside the vesicles.  (B) Changes in CF fluorescence are 
detected by a stopped-flow fluorimeter, and the relative fluorescence trace was plotted 
versus time.  The red plot represents a nonlinear regression curve fit to a single 










(Niemietz and Tyerman, 2000).  SM vesicles suspended in isosmotic buffer were 
rapidly mixed with a hyperosmotic buffer to create a 200 mOsm osmotic gradient 
across the membrane (Fig. 3.2 A).  The time course of vesicle shrinking as water 
effluxed from the vesicle interior was followed by an increase in light scattering 
shown by a downward deflection of the trace.  The time course of light scattering 
changes was fit to a single exponential, and rate constant was determined from 
the curve fit (Fig. 3.2 B).   
To rule out the possibility that the NH4+ permeable nonselective cation 
channel (NSCC) on the SM confounds measurements of the ammonia (NH3) 
transport activity in SM vesicles, the rate of fluorescence changes were 
compared in the presence of variable concentrations of divalent cations such as 
calcium (CaCl2) and magnesium (MgCl2) which are known blockers of the 
nonselective cation channel (Tyerman et al., 1995; Roberts and Tyerman, 2002).  
CaCl2 at concentrations ranging from 0.1 μM to 10 mM and MgCl2 at 
concentrations from 1 mM to 10 mM did not affect NH3 uptake across the SM 
vesicles (Fig. 3.3) suggesting that the stopped flow approaches are specific for 
measuring NH3 uptake without interference from NH4+.   
 
Purification of recombinant nodulin 26 expressed from Pichia pastoris and 
reconstitution into proteoliposomes (This work and the ammonia permeability 












Figure 3.2.  Water permeability measurements in membrane vesicles.  (A) 
Schematic representation of water transport assay, and (B) change of scattered light 
detected by stopped-flow spectrometry.  (A) SM vesicles suspended in isosmotic buffer 
were rapidly mixed with a hyperosmotic buffer containing 0.4 M extra sucrose by a 
stopped-flow device.  Osmotic gradient across the SM results in water efflux and vesicle 
shrinkage.  (B) The time course of vesicle shrinking was followed by increase in light 
scattering shown by downward deflection of the trace.  A single exponential function was 
fitted to the time course of light scattering changes, and a rate constant, reflecting the 
rate of water efflux, was determined from the curve fit.  The solid line represents a 





















Figure 3.3. Effects of nonselective cation channel blocks on NH3 uptake assay 
with symbiosome membrane (SM) vesicles.  (A) and (B) Comparison of NH3 uptake 
represented by rate constant, k (s-1).  The rate constant was determined by a single 
exponential curve fit of fluorescence changes following NH3 efflux into 
carboxyfluorescein (CF)-loaded SM vesicles at 23°C in the presence of CaCl2 (A) or 





 The presence of a facilitated pathway for NH3 on isolated symbiosome 
vesicles and the finding by other groups that some aquaporins are permeable to 
ammonia (Jahn et al., 2004; Litman et al., 2009; Ludewig and Dynowski, 2009) 
led to the hypothesis that nodulin 26 could be an ammonia permeable channel 
that fluxes fixed NH3 from the symbiosomes.  To test this hypothesis, an 
approach for the expression and purification of recombinant nodulin 26 using 
Pichia pastoris expression system was devised to allow analysis of quantitative 
NH3 transport properties of purified nodulin 26 by reconstitution into 
proteoliposomes.   
 The nodulin 26 ORF was fused in-frame with six histidines (His6) at the N-
terminus generating a nodulin 26 cDNA with the coding sequence with an 
additional six His leader sequence (His6-nod26).  His6-nod26 was incorporated 
into the chromosomal AOX1 (alcohol oxidase enzyme) locus of the 
methylotrophic yeast P. pastoris (Fig. 2.1) and was expressed in Pichia cultures 
by addition of methanol.  For purification, His6-nod26 was solubilized from a 
microsomal membrane fraction by solubilization in octyl glucopyranoside (OG) 
and was fractionated by chromatography on Ni-NTA agarose (Fig. 3.4).  The 
highly purified protein band with an apparent molecular weight of 27 kDa was 
identified as nodulin 26 based on Western blot analysis with both anti-His6 and 
anti-nodulin 26 antibodies (Fig. 3.4).    
 Single unilammelar vesicle liposomes consisting of purified E. coli lipids 







Figure 3.4. Purification of His6-nodulin 26 from P. pastoris on Ni-NTA resins.  From 
the left, total P. pastoris extract, unbound fraction after incubation with the Ni-NTA 
resins, supernatant after washing, and Ni-NTA imidazole eluent fractions, respectively 
were resolved by SDS-PAGE on a 12% (w/v) polyacrylamide gel.  (A) Coomassie blue 
stained gel.  (B) Anti-His6 and (C) anti-nod26 Western blots.  Arrow indicates theoretical 









reconstituted into the liposomes by rapid dilution of the purified His6-nod26 
protein/OG mixture in a 100 μM CF containing buffer to load the pH sensitive dye 
in the liposome preparations (Fig. 3.5).  Reconstitution of His6-nod26 was verified 
and quantified by Western blot with anti-nodulin 26 antibody (Fig. 3.5).  The 
incorporation of His6-nod26 was quantitated by densitometric assay following 
Western blot analysis, by using a standard curve generated by known 
concentrations of the purified His6-nod26 (Fig. 3.6).      
 
Ammonia permeability properties of reconstituted nodulin 26 proteoliposomes  
The ammonia permeability properties of the CF-loaded nodulin 26 
proteoliposomes were measured by using stopped-flow fluorimetry upon injection 
into NH4+ containing buffers.  Uptake of NH3 is followed by protonation which 
results in alkalinization of the liposome space which is accompanied by an 
increase in CF fluorescence (Fig. 3.7).  Data from three to five injections per 
sample were averaged.  To determine ammonia permeability co-efficient (PNH3), 
the differential equations described by Boron and De Weer (1976) were modified 
based on the parameters of the experimental system discussed in the Materials 
and Methods (Equation 2.1 and 2.2).  From a fit to simulated curves, nodulin 26 
proteoliposomes showed a PNH3 = 35.1 ± 2.84 × 10-3 cm/s, a rate that is 
approximately 3-fold greater than that exhibited by negative control liposomes 









Figure 3.5. Reconstitution of recombinant nodulin 26 into proteoliposomes.  (A) 
Transmission Electron micrograph images of negatively stained nod26-proteoliposomes 
and control liposomes.  Scale bars represent 330 nm.  (B) Coomassie blue-stained gel 
and (C) Anti-nod26 Western blot of purified His6-nod26 before reconstitution and 
liposome preparations after resolution by SDS-PAGE on a 12% (w/v) polyacrylamide 
gel.  Lane 1; purified His6-nod26 (3 μg) expressed in P. pastoris, 2; negative control 
liposomes, and 3; nod26 proteoliposomes.  Arrow indicates predicted molecular weight 

































Figure 3.6. Quantitation of nodulin 26 in proteoliposomes by comparing to 
standard curve.  Purified nodulin 26 and proteoliposome were loaded on a 12% (w/v) 
SDS-PAGE gel, and densitometric assay was performed following Western blot analysis 
using anti-nodulin 26 antibody.  (A) Western blot image.  (B) Standard curve generated 













Figure 3.7. Ammonia (NH3) permeability measurements of nodulin 26-
proteoliposomes.  (A) Time-course of fluorescence increase in CF-loaded nod26 
proteoliposomes and negative control liposomes upon injection into 10 mM NH4Cl was 
measured by a stopped-flow fluorimetry at 23°C.  The data represents an average of five 
injections and the curve fit to a single exponential is shown.  (B) Ammonia (NH3) 
permeabilities (PNH3) of nod26 proteoliposomes and control liposomes were calculated 
from stopped flow measurements in the presence or absence of 1 mM HgCl2.  The error 
bars show the standard error of the mean (n=13) for nod26, (n=8) for nod26 with HgCl2, 
(n=9) for negative control, and (n=4) for negative control with HgCl2.  (∗ indicates p value 















Table 3.1. Summary of NH3 and water permeability properties of liposome 
preparations.   
  Nod26 proteoliposomes Control liposomes 
Diameter (nm)a 116  (7.3, n=3)b 113 (3.6, n=3) 
PNH3 (cm/s) x10-3 c 35.1  (2.84, n=13) 13.8  (0.24, n=9)  
PNH3 with HgCl2 (cm/s) x10-3 15.3  (1.81,  n=8)  13.2  (1.26, n=4)  
Hg2+-sensitive d PNH3 (cm/s) 19.8 × 10-3    
pNH3 (cm3/subunit/s) x 10-14    1.27  (0.06, n =3)  
 
NH3 transported per subunit e 
(S-1) x 108   3.06 
Ea (kJ/mol) 38.3 90.4 
Pf (cm/s) x10-3 9.45 (0.65, n=19)  5.54 (0.32, n =7)  
Pf with HgCl2 (cm/s) x10-3 5.15 (0.32, n =6)   
Hg2+-sensitive d Pf (cm/s)  x10-3 4.30 × 10-3    
 
a Between 130 to 220 vesicles were measured and averaged for each liposome 
preparation tested.    
b The standard error of the means for the indicated number of measurements is shown 
parenthetically. 
c The buffer capacity β for both liposome preparations was 15.9 mM/pH.   
d The Hg2+ sensitive activity was obtained by subtracting the permeability values 
obtained in the presence of 1 mM HgCl2 from the uninhibited permeability values. 




Previous work has shown that water and solute transport through nodulin 
26 is inhibited by Hg2+, presumably by modification of critical cysteine sulfhydryls 
(Rivers et al., 1997; Dean et al., 1999).  To verify that transport of NH3 in nodulin 
26 proteoliposomes was mediated by a nodulin 26-based pathway, the effects of 
Hg2+ on transport were investigated (Fig. 3.7).  Nodulin 26 proteoliposomes in the 
presence of 1 mM HgCl2 showed reduced NH3 uptake to a level observed with 
negative control liposomes, while the negative control liposomes were not 
affected by HgCl2 (Fig. 3.7).  Another feature of MIP-facilitated transport of water 
and solutes is a reduced Arrhenius activation energy (Ea) compared to diffusion 
through a lipid bilayer (Zeidel et al., 1992; King and Agre, 1996).  Consistent with 
this prediction, analysis of the NH3 permeability of nodulin 26 proteoliposomes as 
a function of temperature showed a low Ea (38.3 kJ/mol) compared with that of 
control liposomes (90.4 kJ/mol) (Fig. 3.8 and Table 3.1).   
 
Single channel conductance determination and comparison of ammonia and 
water permeability   
In order to compare the relative selectivity of water and ammonia 
transport of nodulin 26, light scattering stopped-flow experiments with the 
proteoliposomes were performed to determine the osmotic water permeability 
(Pf) as an index of liposome shrinkage as described previously (Niemietz and 
Tyerman, 1997; Niemietz and Tyerman, 2000).  This enables direct comparison 











Figure 3.8. Arrhenius plots of NH3 uptake from nodulin 26 proteoliposomes ( ) 
and negative control liposomes ( ).  The natural log of the rate constants (ln k) were 
determined from the single exponential curve fits of fluorescence traces.  Error bars 














from a previous study (Dean et al., 1999), reconstitution of nodulin 26 into 
proteoliposomes results in enhanced water permeability which is inhibited by 
Hg2+ (Fig. 3.9).   
To standardize and compare the ammonia and water transport rates, 
single channel transport permeabilities were calculated based on the surface 
density of nodulin 26 on proteoliposomes.  Since the permeability constant is a 
combination of protein based transport (Hg2+-sensitive) and lipid bilayer diffusion 
(Hg2+-insensitive), the calculation of the single channel rate was based on the 
Hg2+-sensitive fraction of ammonia or water transport (Table 3.1).  By this 
approach, a single channel ammonia permeability, pNH3 for nodulin 26 of 12.7 (± 
0.6) × 10-15 cm3/subunit/s (n=3) was calculated (Table 3.1).  Based on previous 
measurements, the single channel water permeability, pf, for nodulin 26 is 3.8 × 
10-15 cm3/subunit/s (Dean et al., 1999), suggesting a 3.3-fold preference for the 
transport of ammonia.  This is supported by the PNH3/Pf ratio (4.6-fold) measured 
in the present study which includes a preference for NH3 as a transport substrate 
(Table 3.1).  In addition, assuming one transport channel per nodulin 26 
monomer, the single channel ammonia conductance of nodulin 26 represents a 














Figure 3.9. Osmotic water permeability measurements of nodulin 26 
proteoliposomes.  The osmotic water permeabilities (Pf) of nod26 proteoliposomes in 
the presence or absence of 1 mM HgCl2 and negative control liposomes were 
determined as described in equation 3.  Error bars show standard error of the mean 
(n=19) for nod26, (n=6) for nod26 with HgCl2, and (n=7) for control.  * indicates p value < 










Interaction of nodulin 26 with glutamine synthetase   
This is a collaboration between me and Pintu Masalkar.  Portions of this 
work were published in (Masalkar et al., 2010).  Below, I have summarized my 
contributions to this study.     
Figure 3.10 A shows the proposed SM topology of soybean nodulin 26 
based on the conserved “hourglass” fold characteristic of the MIP family (Wallace 
and Roberts, 2004).  The cytosolic C-terminal domain of nodulin 26 consists of a 
hydrophilic 24 amino acid extension (Weaver et al., 1991), which is conserved in 
group I members of the nodulin 26-like intrinsic protein (NIP) subfamily (Wallace 
et al., 2006).  Previous studies (Girsch and Peracchia, 1991; Noda and Sasaki, 
2005; Yu et al., 2005; Rose et al., 2008) show that the C-terminal extensions of 
MIPs can serve as a binding site for protein-protein interaction with various 
cytosolic proteins.   
To test if the nodulin 26 cytosolic C-terminal domain is a site for a protein 
interaction, an affinity chromatography approach was designed.  An affinity resin 
consisting of a synthetic peptide (CK-25) containing the nodulin 26 C-terminal 
sequence immobilized to an agarose resin was incubated with soybean nodule 
extracts.  After washing unbound fraction, a tightly-bound major 40 kDa protein 
was eluted by using 6 M urea (Fig. 3.10 B).  This was the only detectable protein 
band in the urea eluent.  Resolution by 2D-electrophoresis (2DE) showed that 







Figure 3.10. Isolation of soybean nodule proteins interacting with the C-terminal 
domain of nodulin 26.  (A)  A diagram showing the topology of soybean nod 26 in the 
SM.  The conserved NPA loops and the amino acid positions that comprise the ar/R 
selectivity filter (H2, H5, LE1 and LE2) are indicated.  The sequence of the C-terminal 
cytosolic domain is shown.  (B)  Results of affinity chromatography of a soluble extract of 
28-d nodules on the nod26 C-terminal peptide affinity resin.  Lane 1, soybean nodule 
extract (10 μg protein).  Lane 2, affinity resin-bound protein eluted with 6 M urea.   (C)  
Results of two dimensional gel electrophoresis of 3 μg of the affinity resin purified protein 
from panel B.  The position of pH markers in the first dimension and the molecular 
weight standards in the second dimension are shown.  The lower case a and b  
designations show the position of migration of soybean GS1 β and γ isoforms 





consists of a collection of protein spots with distinct isoelectric points (pI) and 
slightly different molecular weights (Fig. 3.10 C).   
The 40 kDa protein band was subject to in-gel digestion using trypsin 
(Jensen et al., 1999), and the tryptic digests were analyzed by MALDI-TOF mass 
spectrometry (MS) (Fig. 3.11).  Analysis of the peptide mass fingerprint identified 
soybean cytosolic glutamine synthetase GS1β1 with a strong expectation score 
(E value = 6.1 x 10-5, 56 % sequence coverage).  A list of peptide fragments 
detected by the MS analysis are shown in table 3.2.  MS/MS analysis of 
1610.022 dalton (Da) tryptic digest confirmed the identification with a peptide 
sequence as of 277th-HKEHIAAYGEGNER-290th characteristic of soybean 
GS1β1.  In addition, the theoretical molecular weight of soybean GS1β1 (Mr = 
38,759) is consistent with the 40 kDa molecular weight of the protein band 
observed on the SDS-PAGE gel (Fig. 3.10 B).   
Soybean nodules contain four cytosolic GS1 isoforms (GS1β1, GS1β2, 
GS1γ1, and GS1γ2) that are distinguished by molecular weight and pIs (Morey et 
al., 2002).  As discussed above, the 40 kDa protein band observed in one 
dimensional SDS-PAGE turned out to be a combination of bands with distinct pIs 
and molecular weights (Fig. 3.10 C) consistent with the presence of four soybean 
GS1 isoforms.  The 2DE result suggests that the four β and γ isoforms of GS1 











Figure 3.11. Identification of the 40kDa protein as soybean cytosolic glutamine 
synthetase.  MALDI-TOF spectra of protonated tryptic peptides (MH+) of the 40kDa 
protein isolated by affinity chromatography on nod26 peptide agarose.  The 40kDa 
protein was resolved by electrophoresis as in Figure 3.8 B and was subjected to in gel 
tryptic digestion and mass spectroscopic analysis.  The Y-axis shows the intensity as 



















692.392 692.385 .007 219-223 YILER 
785.382 785.334 .048 327-332 GYFEDR 
814.532 814.491 .041 268-275 AAIDKLGK 
1436.042 1435.755 .287 39-52 TLPGPVSDPSELPK 
1610.022 1609.759 .263 277-290 HKEHIAAYGEGNER e 
1737.602 1737.854 -.252 276-290 KHKEHIAAYGEGNER 
1779.212 1778.902 .310 19-34 VIAEYIWIGGSGMMMDLR 
1812.332 1812.039 .293 224-240 ITEIAGGGVVVSFDPKIPK 
1843.212 1842.901 .312 296-311 HETADINTFLWGVANR 
2356.362 2356.172 .190 85-106 GNNILVICDAYTPAGEPIPTNK 
2512.562 2512.273 .289 85-107 GNNILVICDAYTPAGEPIPTNKR 
2512.562 2512.273 .289 84-106 RGNNILVICDAYTPAGEPIPTNK 
2668.442 2668.374 .068 84-107 RGNNILVICDAYTPAGEPIPTNKR 
2946.632 2946.479 .153 113-137 VFSHPDVVAEVPWYGIEQEEEYTLLQK 
2999.612 2999.392 .220 53-79 WNYDGSSTGQAPGEDSEVILYPQAIFR 
3017.392 3017.416 -.023 138-165 DIQWPLGWPVGGFPGPQGPYYCGVGADK 
 
 
a The experimental mass of each peptide from the MALDI-TOF experimental spectrum is shown 
together with the theoretical mass of the corresponding tryptic digest peptide from soybean GS1 β
1.  Each mass is reported in Daltons. 
b The error between the experimental and theoretical masses of each peptide is shown.  
c The amino acids of soybean GS1 β1 corresponding to each peptide are shown.  
d The derived primary sequence of each soybean GS1 β1 peptide is shown.  







Regulation of nodulin 26 selectivity by CDPK phosphorylation   
 As mentioned in the introduction, nodulin 26 is a major target for a CDPK 
which resides on the SM (Weaver et al., 1991; Weaver and Roberts, 1992).  With 
respect to nodulin 26’s water transport activity, previous work revealed that 
phosphorylation of nodulin 26 enhances its osmotic water permeability (Pf) 
(Guenther et al., 2003).  However, the effects of phosphorylation on ammonia 
transport activity (PNH3) of nodulin 26 have not been studied.   
 The phosphorylation state of nod 26 on isolated SM vesicles can be 
controlled by treatment with CaCl2 and ATP, which triggers CDPK catalyzed 
nod26-specific phosphorylation in situ, or by treatment with alkaline phosphatase 
(AP) which dephosphorylates the protein (Fig. 3.12 A).  In order to test the 
comparative effects of phosphorylation on water and NH3 permeability, isolated 
and CF-loaded SM vesicles were incubated with Ca2+ and ATP for 
phosphorylation of nodulin 26 or alkaline phosphatase (AP) for 
dephosphorylation, and transport activities were analyzed by stopped-flow 
measurements (Fig. 3.12 B and C).  Phosphorylation and dephosphorylation of 
nodulin 26 on the SM vesicles were verified by Western blot analysis using 
nodulin 26-specific and phospho-nodulin 26-specific antibodies (Fig. 3.12 A).   
To investigate the effects of the phosphorylation and dephosphorylation of 
nodulin 26 on ammonia and water transport activities, stopped-flow kinetic 
analyses were performed (Fig. 3.12).  To correct for nonselective diffusive 








Figure 3.12. Comparison of NH3 and water permeability of SM vesicles after  
Ca2+/ATP phosphorylation and alkaline phosphatase-mediated dephosphorylation.  
CF-loaded SM vesicles (control) were dephosphorylated by using alkaline phosphatase 
(AP) (Dephospho) and phosphorylated by Ca2+/ATP treatment (Phospho).  (A) Vesicles 
after treatments were analyzed by Western blot assay using nodulin 26- and phospho-
nodulin 26-specific antibodies.  (B and C) Corrected and normalized Hg2+-sensitive 
permeabilities of SM vesicles containing phospho- (open bars, □) and dephospho-
nodulin 26 (closed bars, ■).  CF-loaded SM vesicles were analyzed for both ammonia 
(B) and water (C) transport by using same preparations.  Error bars show standard error 





control.  The PNH3 of the SM vesicles with dephosphorylated nodulin 26 was 
enhanced up to 2.5-fold, compared to phosphorylated nodulin 26 (Fig. 3.12 B).  
Conversely, phosphorylation of nodulin 26 resulted in 2.3-fold increase of the Pf 
of the SM vesicles, compared to dephosphorylation treatment (Fig. 3.12 C).  
Consistent with these observations, proteoliposomes containing wild-type and a 
phospho-mimic mutant (expressed and purified from Pichia) showed reduced 
permeability to NH3 upon substitution of Ser262 with an Asp residue (Fig. 3.13).  
These results support the hypothesis that CDPK-dependent phosphorylation can 
regulate nodulin 26 channel selectivity, with phosphorylation favoring water 
transport over ammonia transport.     
 
Regulation of nodulin 26 phosphorylation by environmental cues     
From the previous section it is clear that nodulin 26 has at least two 
possible transport activities that are potentially modulated by phosphorylation: 
ammonia transport and water transport.  Because of its high SM concentration, 
nodulin 26 is responsible for the unusually high water permeability of the 
symbiosome (Rivers et al., 1997; Dean et al., 1999).  Considering the fact that 
the symbiosome is the major organelle in the nonvacuolated infected cell, this 
high water permeability could serve an osmoregulatory role in cell cytosolic 
volume homeostasis and osmotic adjustment.  In a previous study, it has been 
confirmed that nodulin 26 phosphorylation increases under osmotic stresses 














Figure 3.13. Comparison of NH3 permeability of proteoliposomes reconstituted 
with nodulin 26 wild-type and phospho-mimic mutant.  Nodulin 26 phospho-mimic 
mutant containing 262nd Asp(D) instead of Ser(S) was purified from Pichia expression 
clone culture and was reconstituted into proteoliposomes.  (A) Western blot of purified 
wild-type and phospho-mimic His6-nodulin 26 with anti-nod26 antibodies.  As a control, 
an isolated soybean SM fraction was compared on left end of the panel.  Arrows indicate 
nodulin 26 corresponding to the proposed molecular weight including the N-terminal 
His6-tag.  (B) Hg2+-sensitive ammonia permeabilities (PNH3) of wild-type (closed bar, ■) 
and phospho-mimic (open bar, □) nodulin 26 were compared.  Permeability was 
normalized against wild-type nodulin 26.  Error bars show the standard error of the mean 
























































results in an increase in water permeability rate that could be part of the 
response to the nodule to osmotic cues (Guenther et al., 2003).  Nodules are 
very sensitive to these osmotic stresses and show a rapid and reversible 
decrease in the rate of nitrogen fixation due to the limitation of oxygen diffusion 
into the core of the nodule (Roberts et al., 2010).  In response to hypoxia stress, 
due to flooding, nodules show the opposite response, exhibiting an increase in 
the rate of gas diffusion into the nodule core.  To explain these observations, an 
osmoregulatory model was proposed through which movement of water into the 
interstitial spaces modulates gas diffusion into the nodule core by regulating cell 
turgor and shape and apoplastic water content, opening or closing intercellular 
pathways for O2 movement (Hunt and Layzell, 1993).   
To investigate and compare effects of these opposite environmental 
stimuli on nodulin 26 phosphorylation in response to flooding stress, nodulated 
soybean roots were subject to water logging.  Protein expression versus 
phosphorylation of the nodulin 26 was analyzed by Western blot assay with anti-
nodulin 26 and anti-phospho-nodulin 26 antibodies (Fig. 3.14 and 3.15).  
Flooding resulted in no significant changes in the overall level of nodulin 26 
protein over the time course of the water logging treatment (Fig. 3.14), whereas 
phosphorylation levels of the nodulin 26 resulted in acute response of decrease 
as early as 1 hour after treatment and maintain decreased level up to 7-fold less 














Figure 3.14. Expression of nodulin 26 and its phosphorylation state in soybean 
root nodules under flooding stress.  36 day-old nodulated soybean plants were 
subjected to flooding stresses for 1, 2, 3, 6, and 12 hours (hr) by complete submersion of 
root parts in water.  (A) Membrane samples (20 μg/well) isolated from flooding stressed 
soybean nodules were resolved by electrophoresis by SDS-PAGE on 12% (w/v) 
polyacrylamide gels, and were stained by Coomassie blue (top panel) or were analyzed 
by Western blot (WB) for nodulin 26 protein content (by anti-Nod26) and phosphorylation 
state (by anti-phospho Nod26) (bottom panels).  (B) Densitometry comparison of the 
relative amounts of nodulin 26 protein and the relative phosphorylation state of nodulin 
26 under flooding stress.  The data were normalized to the average signal obtained for 0 





































































Figure 3.15. Expression and comparison of nodulin 26 and its phosphorylation 
state under long-term flooding stress.  36 day-old nodulated soybean plants were 
treated with flooding and nodulin 26 protein and phosphorylation were assayed as 
described in figure 3.14.  (A) Membrane samples (20 μg/well) isolated from normoxic 
control and flooding-treated soybean nodules and were resolved by SDS-PAGE on 12% 
(w/v) polyacrylamide gels and were analyzed for nodulin 26 protein content (by anti-
Nod26) and phosphorylation state (by anti-phospho Nod26) by Western blot.  (B and C) 
Densitometric analysis of the relative amounts of nodulin 26 protein and its 
phosphorylation state under flooding stress (B) and in normoxic control nodules (C).  
The data were normalized to the average signal obtained for 0 hr control plants.  The 

































































































phosphorylation state eventually recovered after 6 days as the soybean plants 
adapt to the sustained hypoxic environment driven by flooding (Fig. 3.15).    
Since the key stress associated with water logging is oxygen deprivation 
due to the low permeability of molecular O2 in water, it was tested whether direct 
exposure of nodulated soybeans to hypoxia leads to a similar influence on the 
phosphorylation state of nodulin 26.  Nodulated soybean plants were exposed to 
hypoxia conditions by using an anaerobic jar system.  As predicted, exposure of 
nodulated roots to a hypoxic environment resulted in a rapid decrease in the 
phosphorylation levels of nodulin 26 (Fig. 3.16).  Thus, the effects of flooding 
appear to be the result of low O2 tension.   
Since transport activity of nodulin 26 for water and ammonia is apparently 
conversely affected by phosphorylation (Fig. 3.12) it can be proposed that 
environmental signals that decrease nodulin 26 phosphorylation might also affect 
nodulin 26 permeability.  To test this hypothesis, stopped-flow analysis with SM 
vesicles isolated from flooding-treated soybean nodules was performed (Fig. 
3.17).  Stopped-flow measurements following flooding treatment showed a 
decrease in osmotic water permeability while with a corresponding increase in 
ammonia permeability (Fig. 3.17), correlating with dephosphorylation effects on 
nodulin 26 transport activities under flooding.  Taken together, these observations 
suggest that phosphorylation of nodulin 26 may play a role in osmotic and 
metabolic regulation in response to developmental (Guenther et al., 2003) and 










Figure 3.16. Expression and comparison of nodulin 26 and its phosphorylation 
state under anaerobic stress.  36 day-old nodulated soybean plants were subjected to 
low oxygen stress using an anaerobic jar system.  (A) Membrane samples (20 μg/well) 
isolated from normoxic control and hypoxic soybean nodules were resolved by SDS-
PAGE on 12% (w/v) polyacrylamide gels.  Top panel, Coomassie blue stained gel.  
Bottom panels, Western blot analysis for nodulin 26 protein content (by anti-Nod26) 
and phosphorylation state (by anti-phospho Nod26).  (B) Densitometric analysis of the 
relative amounts of nodulin 26 protein and its phosphorylation state under low oxygen 
stress.  The data were normalized to the average signal obtained for 0 hr control plants.  










Figure 3.17. Water and ammonia permeabilities of SM vesicles isolated from 
flooding stressed nodules.  Corrected Hg2+-sensitive water (A) and ammonia (B) 
permeabilities of SM vesicles isolated from 6 hr-flooding stressed nodules (open bars, □) 
were normalized and compared to control SM vesicles (closed bars, ■).  The error bars 






Comparison of the effects of environmental signals on nodulin 26 
phosphorylation and transport  
The effects of environmental stimuli on nodulin 26 phosphorylation are 
summarized in figure 3.18.  Water deficit and flooding/hypoxia stresses exert 
converse effects on the phosphorylation state of nodulin 26 on symbiosome 
membranes (Fig. 3.18).  For example, exposure of nodulated roots to drought or 
salinity results in hyperphosphorylation of serine 262 of nodulin 26 (Fig. 3.18).  In 
contrast, flooding or hypoxia stress results in the opposite effect with 
dephosphorylation observed rapidly.  In the case of flooding stress, soybean 
nodules eventually adapt and resume nitrogen fixation (Roberts et al., 2010), and 
the observation that the phosphorylation status eventually recovers is consistent 
with long-term adaptation.  The converse effects of water deficit and 
flooding/hypoxia are also consistent with the opposing effects of these 
environmental stimuli on the critical gas diffusion barrier of the nodule (Roberts et 
al., 2010).  Hypoxia/flooding stimulates increased diffusion through the gas 
diffusion barrier (Hunt et al., 1987; Weisz and Sinclair, 1987; Parsons and Day, 
1990) whereas water deficit/osmotic stress restricts diffusion through the barrier 
(Parsons and Day, 1990; Serraj et al., 1994; Del Castillo and Layzell, 1995).  A 
potential role of nodulin 26 as an aquaglycero-ammoniaporin in regulating this 
process will be discussed further in the discussion section of this thesis.   
To test further whether nodulin 26 phosphorylation is correlated with 









Figure 3.18. Comparison of nodulin 26 protein expression and its phosphorylation 
state under various environmental stimuli.  Normalized Western blot signals of 
nodulin 26 protein (blue bars) and phosphorylation (red bars) state under osmotic 
stresses (drought and 0.2 M NaCl), flooding, and hypoxia were compared.  Data was 
normalized to the average signal obtained by control plants.  The error bars show the 






pO2 concentrations was tested.  Previous work shows that regulation of the gas 
diffusion barrier is inversely proportional to the pO2 of the media.  For example, 
sub-ambient pO2 results in opening of the gas diffusion barrier to sustain 
respiration under hypoxia conditions (Weisz and Sinclair, 1987).  In contrast, 
supra-ambient pO2 restricts the gas diffusion barrier to block inactivation of 
nitrogenase (Weisz and Sinclair, 1987; King and Layzell, 1991).    
Nodulated soybean plants were exposed to ambient, supra-ambient (50% 
O2) and sub-ambient (2% O2) oxygen for four hours.  Exposure of nodulated 
roots with sub-ambient (2%) O2 resulted in a decrease of phosphorylation of 
nodulin 26 consistent with the results of flooding, while supra-ambient (50%) O2 
enhanced the levels of nodulin 26 phosphorylation compared to ambient controls 
(Fig. 3.19).  These results support the observation with environmental stress 
stimuli and suggest that phosphorylation of nodulin 26 is accompanied by 
conditions that lower gas/O2 diffusion into the nodule core.   
 
Oxygen sensing as a signal for the induction of nodulin 26 expression    
As suggested by its name, nodulin 26 was first described as a gene that 
is induced as a part of the nodule developmental program in soybean (Fortin et 
al., 1987).  However, although it is clear that nodulin 26 is expressed during 
nodule development, the developmental cues that trigger soybean nodulin 26 
(GmNod26) gene expression are still not understood.  Unlike other nodulin 












Figure 3.19. Expression and comparison of nodulin 26 and its phosphorylation 
state under different oxygen concentrations.  36 day-old nodulated soybean plants 
were treated with 2% or 50% oxygen for 4 hrs.  (A) Membrane samples (20 μg/well) 
isolated from normoxic control, 2% O2-treated and 50% O2-treated soybean nodules 
were resolved by SDS-PAGE on 12% (w/v) polyacrylamide gels, and were analyzed by 
Western blot analysis for nodulin 26 protein content (by anti-Nod26) and phosphorylation 
state (by anti-phospho Nod26).  (B) Densitometric analysis of the relative amounts of 
nodulin 26 protein and its phosphorylation state under different O2 concentrations.  The 
data were normalized to the average signal obtained by control plants.  The error bars 



















































suggested that the nodulin 26 gene is controlled by a trans-negative regulatory 
element (Miao and Verma, 1993).  It is important to determine which additional 
physiological regulatory factors and inducible cues regulate nodulin 26 gene 
expression in a spatially and temporally regulated fashion during nodule 
development.    
To determine whether specific regulatory motifs in promoter regions 
would affect nodulin 26 expression, 1.5 kb genomic DNA sequences upstream of 
the coding region of the nodulin 26 were analyzed.  This resulted in discovery of 
the presence of  four putative AREs (Anaerobic Response Elements) that could 
act as cis-acting regulatory elements (Dolferus et al., 2001) (Fig. 3.20).  AREs 
are essential cis-acting elements for anaerobic induction of the anaerobic 
polypeptide genes.  These 4 AREs which consist of “TGGTTT” are located in 
predicted promoter regions of the nodulin 26 and are identical to the GT-motifs 
found in Adh1 gene of Zea mays (Mohanty et al., 2005) and AtNIP2;1 gene of 
Arabidopsis (Choi and Roberts, 2007), which are classic anaerobic response 
polypeptide genes (Sachs et al., 1996).    
Nodule development is accompanied by the establishment of a 
microaerobic environment within the nodule core which is composed of the 
nitrogen fixing infected cells (Layzell et al., 1990).  There has been also evidence 
showing that up-regulation of certain genes during nodule development is 
















Figure 3.20. In-silico analysis of promoter regions of nodulin 26 for identification 
of cis-acting anaerobic regulatory elements (AREs).  Upstream regions of the 
soybean nodulin 26 gene (Glyma08g12650.1) were obtained from the soybean genome 
database of phytozome (http://www.phytozome.net/soybean).  The 1.5 kb-long genomic 
sequences were analyzed for ARE by web-based tool “PlantCARE,” a database of plant 
cis-acting regulatory elements 
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html) (Lescot et al., 2002).  The 
black boxes represent AREs found in nodulin 26 promoter regions.  The numbers 
indicate the order of DNA base pairs of 3’-end in the black boxes, beginning from initiator 









transporter genes (Colebatch et al., 2004).  Based on these observations, 
nodulin 26 gene expression in response to low O2 signals was investigated.   
Nodulin 26 gene expression was analyzed by Q-PCR assay of 
unnodulated soybean root tissues under conditions of hypoxia induced by water 
logging (Fig. 3.21).  The root portion of uninfected seedlings was completely 
submerged, and nitrogen gas (N2) was supplied into the water during the flooding 
treatment to reduce dissolved O2 content.  The dissolved oxygen content of the 
media was measured and was consistently lower than 2.5% indicating 
establishment of hypoxic conditions (Table 2.1).  Q-PCR analysis revealed that 
transcript level of nodulin 26 increased 11.3-fold under flooding conditions 
compared to the 0 hour control (Fig. 3.21 A).  The changes in nodulin 26 
expression reached a maximum at 1 hr after flooding and returned to basal levels 
after 12 hr-flooding (Fig. 3.21 A).  As an indicator for anaerobic conditions, 
pyruvate decarboxylase (GmPDC) gene expression levels were investigated and 
showed the predicted increase under hypoxic flooding conditions (Fig. 3.21 B).  
The expression pattern of GmPDC is consistent with that of nodulin 26, 
suggesting that highly up-regulation of transcript levels of both nodulin 26 and 
GmPDC are due to hypoxia induced by water logging.   
The responsiveness of nodulin 26 to low O2 was confirmed by direct 
induction of anaerobiosis using an anaerobic jar system.  Q-PCR analysis 
revealed up-regulation of nodulin 26 expression up to 13-fold under hypoxic 








Figure 3.21. Q-PCR analysis of gene expression levels in root tissues under 
flooding stress.  Uninfected 15 day-old soybean seedlings were subjected to flooding 
stress by complete submersion of roots in water under hypoxic conditions.  (A) 
Expression analysis of GmNod26.  (B) Expression analysis of GmPDC.  (C) Comparison 
of normalized expression of GmNod26 (closed bars) and GmLba (hatched bars) genes 
at 0 hr and 6 hr after flooding.  The data were normalized to the transcript levels in 0 hr-










Figure 3.22. Q-PCR analysis of gene expression levels in root tissues under 
anaerobiosis.  Uninfected 15 day-old soybean seedlings were subjected to anaerobic 
conditions by using anaerobic jars.  (A) Expression analysis of GmNod26.  (B) 
Expression analysis of GmPDC.  (C) Comparison of normalized expression of GmNod26 
(closed bars) and GmLba (hatched bars) genes at 0 hr and 2 hr-hypoxia.  The data were 
normalized to the gene expression levels in 0 hr-normoxic control nodules.  The error 






environment, GmPDC was investigated (Fig. 3.22 B).  An increase in GmPDC 
expression corresponds to up-regulation of GmNod26 transcripts, suggesting 
that soybean root tissues were under hypoxic conditions (Fig. 3.22 B).   
Leghemoglobin (GmLba) is a classical late nodulin gene that is 
exclusively up-regulated during nodule organogenesis and development in 
soybean (Marcker et al., 1984).  Gene expression of GmLba is controlled by two 
cis-acting regulatory elements (She et al., 1993), and the GmLba contains 2 
AREs at their promoters within 1.5kb.  Q-PCR analysis showed that flooding 
results in a small up-regulation of GmLba transcript (Fig. 3.21 C) whereas 
hypoxia showed no apparent induction of GmLba (Fig. 3.22 C).    
Overall, these data confirmed that nodulin 26 is up-regulated under 
conditions of hypoxia/anoxia, suggesting the hypothesis that low O2 environment 
could be a signal that induces nodulin 26 expression.  This differs from other late 
















The present research project provides new insight into the functional 
transport and regulatory properties of soybean nodulin 26 in symbiotic nitrogen-
fixing nodules.  Observations provide evidence that nodulin 26 is an 
“aquaglycero-ammoniaporin” that is specifically localized to the SM, the symbiotic 
interface between the plant host and the bacteroid symbiont, where it could play 
a potential role in osmoregulatory and metabolic functions in the symbiosis.  
First, purified nodulin 26 reconstituted into liposomes possesses ammonia (NH3) 
transport activity with a low activation energy (Ea = 38.3 kJ/mol) and a high single 
channel conductance (pNH3 = 1.27 ± 0.06 x 10-14 cm3/subunit/s, n=3).  Second, 
nodulin 26 serves as a docking site for cytosolic glutamine synthetase on the 
surface of the symbiosome membrane, and could assist fast assimilation of fixed 
NH3.  As discussed further below, this could prevent ammonia toxicity and futile 
cycling.  Third, phosphorylation of nodulin 26 exerts opposite effects on the 
regulation of ammonia and water transport activities.  Additionally, 
phosphorylation of nodulin 26 in mature N2-fixing nodules is tightly controlled by 




well as modulation of the oxygen diffusion barrier inside nodules, suggesting 
regulation of its channel activity and selectivity during these conditions.   
 
Ammonia permease activity of soybean nodulin 26   
Based on the similar properties in molecular volume between water (12.4 
cm3/mol) and NH3 (13.8 cm3/mol) and the similarities in their dipole moments 
(1.471 D for NH3 and 1.854 D for H2O), it could be suggested that aquaporins in 
general should transport both NH3 and water.  However, previous studies of the 
transport selectivities of several aquaporins show that this is not true, and they 
have the ability to select for water or ammonia transport based on the amino 
acids comprising the ar/R selectivity filter (Holm et al., 2005; Beitz et al., 2006; 
Dynowski et al., 2008).  The ar/R region is composed of four amino acids forming 
the narrowest constriction within the pore and determines the selectivity of 
MIP/aquaporin channels.  The importance of the ar/R pore has been emphasized 
for the determination of selectivity and transport activity of all plant aquaporins 
(Wallace and Roberts, 2004; Ludewig and Dynowski, 2009).   
In a previous study, molecular dynamics simulations followed by 
experimental observations were performed on various site directed mutants of 
the water-specific aquaporin, AtPIP2;1, to determine which ar/R residues 
determine NH3 versus water transport (Dynowski et al., 2008).  The results 
showed that several NIP-like mutants of both the NIP I and NIP II ar/R 




suggesting that MIPs could potentially flux ammonia (Dynowski et al., 2008).  In 
the present study, it is shown that purified soybean nodulin 26 possesses 
facilitated transport activity for NH3 and reveals an approximately four-fold 
stronger preference for this substrate over water.  Additionally, the use of purified 
nodulin 26 liposomes allowed a determination of the single channel rate (pNH3) for 
ammonia transport.  The calculated pNH3 of nodulin 26 (1.27 × 10−14 cm3/s) is 
comparable to the value obtained by another ammonia transporting aquaporin, 
Rattus norvegicus AQP8 (rAQP8) (pNH3 = 2.7 × 10−14 cm3/s) (Saparov et al., 
2007).  The single channel NH3 transport activity (pNH3) provides an estimation of 
the amount of ammonia that each nodulin 26 monomer is able to transport per 
unit time.  Provided that one monomeric nodulin 26 has one transport channel, 
the single channel conductance for NH3 transport corresponds to a permeability 
of 3 × 108 NH3 molecules per channel per second.   
What features of the nodulin 26/NIP I ar/R allow ammonia transport?  The 
ar/R region of nodulin 26 consists of Trp (H2), Val (H5), Ala (LE1) and Arg (LE2), 
which are distinct from water-specific AQP1 (Phe (H2), His (H5), Cys (LE1) and 
Arg (LE2)) (Fig. 4.1).  These substitutions in nodulin 26 result in a more 
hydrophobic and wider pore which previously has proposed to allow the transport 
of larger solutes (including glycerol) (Wallace et al., 2002; Wallace et al., 2006).   
The ar/Rs of nodulin 26 (WVAR) (Wallace and Roberts, 2004) and other 
NH3 transport MIPs, such as rat AQP8 ar/R (HIAR) and human AQP8 ar/R 











Figure 4.1. Membrane topology of the soybean nodulin 26 and architecture of the 
ar/R selectivity region.  (A) Topology of the soybean nodulin 26 is represented with the 
regions predicted to form the ar/R tetrad highlighted in red within yellow-background 
boxes.  Six helical transmembrane spanning domains are connected by 5 loop 
compartments (A - E).  NPA motifs from each loop B and E region are indicated by blue 
within light-yellow boxes, which form a seventh pseudo transmembrane domain.  A 
nodulin 26 phosphorylation site which is located at C-terminal Ser262 is highlighted in 
red with an asterisk (*).  (B) Comparison of the ar/R selectivity filters of AQP1, nodulin 
26, and TIP2;1 and AQP8.  Residue side chains are indicated by color codes with blue 
for basic hydrophilic, yellow for hydrophobic, and white for neutral hydrophilic.  AQP1 is 
shown with water molecule (sky blue) bound.  The AQP1 model is based on the crystal 
structure (PDB: 1J4N) of Sui et al. (2001), while nodulin 26 and TIP2;1 ar/R are based 



























share a small hydrophobic residue (Val or Ile) at H5 rather than His which is 
characteristic of water-selective aquaporins (Sui et al., 2001).  Similarly, wheat 
TIP2;1, which also exhibits ammonia transport properties (Jahn et al., 2004), 
shares identical ar/R residues (His (H2), Ile (H5), Ala (LE1) and Arg (LE2)) with 
AQP8 (Fig. 4.1 B).  How the structural features of these ar/R residues allow NH3 
permeability in these subclasses of MIP proteins remains unresolved.   
 
Functional aspects of nodulin 26 associated with fixed-NH3 flux on the 
symbiosome membrane in the soybean nodule   
In previous work by Niemietz and Tyerman, a Hg2+-sensitive facilitated 
NH3 transport activity was detected in soybean SM vesicles, and it was proposed 
to constitute a protein-based NH3 efflux pathway across the symbiosome 
(Niemietz and Tyerman, 2000).  Soybean nodulin 26 is a SM-specific nodulin 
protein and constitutes a large portion of total protein mass of this specialized 
membrane (Fortin et al., 1987; Weaver et al., 1991; Rivers et al., 1997).  Based 
on the high concentration of nodulin 26 on the symbiosome membrane and the 
calculated single channel rate for NH3 transport (pNH3), NH3 movement through 
nodulin 26 can account for the measured NH3 flux across the symbiosome 
membrane (Hwang et al., 2010).   
Based on previous work and the present findings, soybean nodulin 26 
appears to be the principal protein on the SM responsible for water and NH3 




role for nodulin 26 as a potential efflux pathway for fixed NH3 from the 
symbiosome.  The efflux of fixed nitrogen from the symbiosome space to the 
infected cell cytosol can occur by one of two potential pathways (Fig. 4.2): (1) 
NH4+ efflux by an inwardly rectified, voltage-activated nonselective cation channel 
(NSCC) (Tyerman et al., 1995) (Fig. 4.2 A); or (2) NH3 efflux facilitated by nodulin 
26 (Fig. 4.2 B).  The relative contribution of these pathways depends upon the 
concentration gradient of NH4+ and NH3, and the pH of the symbiosome space 
and cytosolic compartments, as well as the resting potential of the symbiosome 
membrane (Niemietz and Tyerman, 2000).  These parameters are controlled by 
the activity of an energizing H+-pumping ATPase on the membrane (Udvardi and 
Day, 1989) (see Fig. 4.2).  For example, when a highly active H+-ATPase 
hyperpolarizes and acidifies the symbiosome space this would favor efflux of 
fixed nitrogen in the form of charged NH4+ by voltage-dependent activation of the 
NSCC (Tyerman et al., 1995).  In contrast, low ATPase activity would result in 
reduced SM potential and higher pH of the symbiosome space, which would lead 
to a higher NH3/NH4+ concentration ratio and a closed NSCC which would favor 
NH3 efflux via nodulin 26 across the symbiosome membrane.   
One potential issue with having two pathways of NH4+/NH3 movement 
across the SM is the issue of toxicity, which is a potential outcome of wasteful 
“ammonia futile cycling” (Britto et al., 2001).  During active nitrogen fixation, 
charged NH4+ accumulates in the acidic symbiosome space (Streeter, 1989).  






Figure 4.2.  Two different pathways of fixed ammonia/ammonium efflux on 
symbiosome membrane.  (A) H+-ATPase pump hyperpolarizes the SM which leads to 
voltage activation of NSCC which transports ammonium ion (NH4+) into the infected cell 
cytosol.  (B) Nodulin 26 would provide a facilitated NH3 transport path when NSCC is 






causes deprotonation and generation of uncharged NH3, a substrate which can 
reenter back to the symbiosome space via nodulin 26 (Fig. 4.3).  As a result, 
such a repetitive pathway would result in futile cycling, waste ATP, and dissipate 
the SM proton motive force.  One potential mechanism to prevent futile cycling 
would be to facilitate rapid NH3/NH4+ assimilation in the cytosol to block back 
diffusion of NH3.  As discussed next section, nodulin 26 interaction with cytosolic 
glutamine synthetase may be a mechanism to prevent futile cycling.   
 
Significance of the interaction of soybean nodulin 26 with cytosolic nodule 
glutamine synthetase  
The role of cytosolic glutamine synthetase (GS1) in nodules is to serve as 
the first step in the nitrogen assimilatory pathway by catalyzing the rapid 
incorporation of fixed NH3 onto the amino acid glutamate by the following 
reaction (Miflin and Habash, 2002):   
ATP + NH4+ + glutamate → ADP + Pi + glutamine 
 The significance of GS interaction with nodulin 26 is that the nodulin 26 
can serve to localize GS to the surface of the symbiosome membrane.  Thus, 
with respect to two principal roles of nodulin 26 as (1) a facilitated NH3 
transporter and (2) a docking site for GS localization on the SM, a potential 
model mechanism for interaction of nodulin 26 and GS and its role in nitrogen 
assimilation is proposed (Fig. 4.4) (Masalkar et al., 2010).  The specific 











Figure 4.3.  Model for NH4+/NH3 futile cycling on the SM.  A potential mechanism for 
ammonia futile cycling through the symbiosome membrane is shown.  The symbiosome 
membrane is energized by an H+-ATPase which generates a proton gradient by 
pumping H+ into the symbiosome space.  When the symbiosome membrane is 
hyperpolarized, the NSCC is activated which directionally transports NH4+ into the 
cytosolic compartment.  Since the cytosol is more alkaline than the symbiosome space, 
NH4+ can release a H+ with NH3 potentially reentering the symbiosome space through 
nodulin 26.  Maintenance of cytosolic NH4+ levels at low concentrations by rapid 
assimilation via GS would be one approach to prevent this potential metabolite cycling.  









Figure 4.4.  Metabolic model for interaction of nodulin 26 and glutamine 
synthetase and its effect on nitrogen assimilation in nitrogen-fixing nodules.  A 
model for efflux and assimilation of fixed nitrogen in symbiosomes is shown.  Three 
distinct efflux pathways for fixed NH3/NH4+ are represented.  Ammonia produced by the 
action of nitrogenase in the bacteroid moves into the symbiosome space by simple 
diffusion.  NH4+ efflux mediated by a non-selective cation channel (NSCC) which is 
voltage-activated and is inwardly rectified.  NH3 efflux either facilitated by nodulin 26 or 
diffusive through symbiosome membrane.  Binding of glutamine synthetase (GS) to the 
C-terminal domain increases the concentration of this assimilatory enzyme at the 
symbiosome surface and also serve as a potential site for rapid assimilation of ammonia 





nitrogen in the form of uncharged NH3, which is facilitated through the nodulin 26 
channel.  Thus, nodulin 26 can be described as a metabolic funnel that couples 
the transport of fixed nitrogen from the symbiosome and its assimilation in the 
host cytoplasm (Fig. 4.4).  In addition, the rich density of nodulin 26 on the SM 
could in turn lead to a pronounced localization of GS to the surface of the 
symbiosome, thus enhancing the rate of NH3/NH4+ assimilation, even if transport 
occurs through other efflux pathways such as the NSCC (Masalkar et al., 2010).   
 Thus, the interaction of nodulin 26 with GS could facilitate rapid NH4+ 
assimilation, preventing its accumulation in the cytosol.  The maintenance of low 
cytosolic concentrations of NH4+, which are estimated to be 50-fold lower than 
the NH4+ concentration in nitrogen-fixing symbiosomes (Streeter, 1989), would 
prevent potential futile cycling.   
 
Phosphorylation-dependent regulation of nodulin 26 transport activity   
Even before its functional characterization as an aquaglyceroporin (Rivers 
et al., 1997; Dean et al., 1999), nodulin 26 was first characterized as a SM 
specific protein that is a major phosphorylation substrate of a SM-associated 
Ca2+-dependent protein kinase (Weaver et al., 1991; Weaver and Roberts, 
1992).  Phosphorylation occurs specifically at a single serine, Ser262 within a C-
terminal cytosolic domain (Weaver and Roberts, 1992).  Analysis of 
phosphorylation of Ser262 of nodulin 26 in vivo shows that it accompanies 




steady state throughout the lifetime of nodule until senescence (Guenther et al., 
2003).  As discussed in the next section, phosphorylation of nodulin 26 is also 
very sensitive to environmental and osmotic cues.  Overall, it appears as if the 
protein is a target for calcium-dependent regulation in response to developmental 
and environmental cues. 
What are the effects of phosphorylation on nodulin 26 function?  Previous 
work with other MIPs shows that they can be a common target for 
posttranslational regulation by phosphorylation.  The effects of phosphorylation 
on transport activity appear to differ from the stimulation of water transport in the 
case of plants MIPs such as PvTIP3;1 (α-TIP) (Maurel et al., 1995), SoPIP2;1 
(PM28A) (Johansson et al., 1998; Tornroth-Horsefield et al., 2006; Nyblom et al., 
2009) and in the case of human AQP2 (Eto et al., 2010), to inhibition of channel 
activity in AQP4 (Han et al., 1998; Zelenina et al., 2002).  In addition, 
phosphorylation of MIPs has been shown to regulate the water permeability by 
affecting the membrane localization and trafficking in plant (e.g., AtPIP2;1 (Prak 
et al., 2008)) and mammalian cells (e.g., AQP4 (Madrid et al., 2001) and AQP2 
(Fushimi et al., 1997)).    
However based on the present study, and unlike those cases above, 
phosphorylation of the soybean nodulin 26 multifunctional aquaglycero-
ammoniaporin exerts a dual function which modulates both transport rate and 
selectivity of permeant molecules.  Phosphorylation of nodulin 26 results in 




This is consistent with previous observations (Guenther et al., 2003) and 
suggests that phosphorylation stimulates the intrinsic water permeability of the 
protein, similar to positive gating influences of phosphorylation on some 
aquaporins (Maurel et al., 1995; Johansson et al., 1998; Tornroth-Horsefield et 
al., 2006; Nyblom et al., 2009; Eto et al., 2010).  However, in contrast, 
phosphorylation of nodulin 26 inhibits NH3 transport activity by 2.5-fold.  The 
regulation of nodulin 26 selectivity by posttranslational phosphorylation observed 
in the present study is significant from two perspectives: (1) The ratio of 
phosphorylated to unphosphorylated nodulin 26 modulates the selectivity of 
nodulin 26 on the SM in response to environmental cues, which can be directly 
assayed by determining the PNH3/Pf of isolated SM vesicles (e.g., see Fig. 3.17); 
and (2) This dual function of phosphorylation in the differential regulation of two 
distinct transporting molecules is a unique property that has not been previously 
reported for any other aquaporins or aquaglyceroporins.   
The site of phosphorylation of nodulin 26 is serine 262 (Fig. 4.1), a 
conserved site for type I NIPs which is found in the hydrophilic carboxyl terminal 
domain facing the cytosol (reviewed in Wallace et al., 2006).  A number of 
aquaporins are phosphorylated within this region (Hoffert et al., 2006; Kadohira 
et al., 2008; Prak et al., 2008).  As described above the effects of 
phosphorylation on aquaporin function is varied, and can affect trafficking within 
the cell as well as activity.  Less certain is how the phosphorylation of the C-




A molecular basis for the effects of phosphorylation on aquaporin gating 
comes from structural and computational analyses of the plant PIP protein 
SoPIP2;1 (Tornroth-Horsefield et al., 2006; Nyblom et al., 2009).  SoPIP2;1 is 
proposed to be phosphorylated at two sites, one (Ser274) within the C-terminal 
domain analogous to nodulin 26, and a second site (Ser115) in loop B (see 
topology nomenclature in Fig. 4.1).  Based on structural and MD simulation 
analyses, SoPIP2;1 can exist in two conformations, an open and a closed state 
(Tornroth-Horsefield et al., 2006).  The closed state is stabilized by folding of loop 
D over the pore entrance on the cytosolic side.  Phosphorylations of serine 
residues in both the cytosolic C-terminal and loop B regions lead to interactions 
with loop D resulting in opening of the channel pore and enhancing water 
transport activity.  In the case of the C-terminal phosphoserine 274, interaction 
and regulation is predicted to occur “in trans” with the C-terminal domain of one 
subunit interacting with loop D of an adjacent subunit (Nyblom et al., 2009).  
While the structural details of the nodulin 26 pore and disposition of the loop 
regions remain undermined, one could hypothesize that phosphorylation of 
nodulin 26 on the C-terminal serine could interact in a similar fashion affecting 
solute transport.    
Even more uncertain is how phosphorylation could promote water flux 
while inhibiting ammonia permeability.  As noted above, ammonia selectivity of 
plant aquaporins was proposed to be dependent upon amino acid residues 




al., 2008).  However, it is not clear how phosphorylation could alter the pore 
structure in a manner that would promote water transport while simultaneously 
inhibiting ammonia transport.  High resolution structural analyses of 
phosphorylated and unphosphorylated nodulin 26 are needed to provide insight 
into the mechanism of how the phosphorylation of nodulin 26 conversely 
regulates transport between water and ammonia. 
 
Regulation of nodulin 26 phosphorylation and O2 diffusion in the soybean 
nodules in response to environmental stimuli   
 The functional transport studies performed in this research raise the 
question: What signals modulate nodulin 26 phosphorylation, and how is this 
associated with nodule physiology?  Nodulin 26 phosphorylation can be 
regulated by various environmental conditions which influence N2-fixation activity 
and respiration in nodules, while protein expression remains unchanged (Fig. 
3.14 to 3.16).  Nodulin 26 is hyperphosphorylated on serine 262 in response to 
osmotic stresses such as drought and salinity.  In contrast, flooding and hypoxia 
induces a rapid dephosphorylation, which is restored over time as the plant 
system adapts to long-term flooding conditions (Fig. 3.15).  To understand the 
significance of these observations, the differential effects of these stresses on 








Figure 4.5.  Morphology of a mature soybean nodule.  Nodule tissue of 35 days old 
soybean was fixed and sectioned as described in Materials and Methods.  Low 
magnification light micrograph of a nodule.  Size bar = 100 µm.  a, periderm; b, outer 
cortex; c, scleroid layer; d, inner cortex (including vascular bundle, VB); e, central 
infected zone.  The region of the gas diffusion barrier is indicated by a dark red arrow.  






The gas diffusion barrier in nodules:  To avoid the deleterious effect of free 
oxygen on bacterial nitrogenase, the central infected zone of the soybean nodule 
is maintained at a microaerobic state under normal N2 fixing conditions 
(approximately 20 nM O2 concentration, (Layzell et al., 1990)).  The nodule has 
unique structural features that limit gas diffusion which are necessary for the 
establishment and maintenance of micro aerobic environment (Parsons and Day, 
1990; Minchin, 1997).  The determinate soybean nodule is mainly composed of a 
central infected zone which contains the infected cells that contain nitrogen-fixing 
symbiosomes.  This zone is surrounded by a vascularized cortical region 
containing a scleroid layer (Fig. 4.5).  The nodule cortex is a layered tissue 
comprising a continuous suberized outer boundary, along with an endodermal 
zone and inner-layers which surround the central infected zone (Dakora and 
Atkins, 1989; Brown and Walsh, 1994).  The inner cortex region found in close 
proximity to the infected zone consists of relatively smaller cells with restricted 
intercellular spaces (Witty et al., 1987; Parsons and Day, 1990; Brown and 
Walsh, 1994).   
Measurement of the partial oxygen pressure (pO2) across the inner 
structure of the nodule by using an oxygen microelectrode indicated that the 
oxygen concentration abruptly decreases through the inner cortex region 
(Tjepkema and Yocum, 1974; Witty et al., 1987).  Thus, the inner cortical tissue 
has been considered to play a role as the main boundary of the gas diffusion 




regulate permeation of O2 and N2 into the nodule core as well as CO2 and H2 
efflux from this region (Sheey et al., 1983; Hunt and Layzell, 1993; Bergersen, 
1997; Minchin, 1997; Minchin et al., 2007).   
Regulation of the gas diffusion barrier: The osmoregulatory hypothesis:  This 
microaerobic state is dynamic and is maintained and regulated by modulation of 
O2 diffusion into the infected zone through the diffusion barrier in response to 
environmental changes.  This in turn regulates the rate of nitrogen fixation by 
restriction pO2 and respiratory rates (Hunt and Layzell, 1993).   
For instance, under conditions of osmotic stress (water deficit by drought 
or salinity) nodules reduce O2 permeability by restriction of the gas diffusion 
barrier which in turn limits N2-fixation (Serraj and Sinclair, 1996; Serraj et al., 
1999).  This may help conserve energy under stress conditions.  A similar effect 
of metabolic signals (low sugar or nitrate) that reduce N2-fixation has been 
observed on the gas diffusion barrier (Vessey et al., 1988; Matamoros et al., 
1999).  Reduction in gas diffusion is accompanied with rapid decrease in 
intercellular spaces of the inner cortex and infected zone of the nodule (Parsons 
and Day, 1990; Serraj et al., 1994; Del Castillo and Layzell, 1995; Serraj et al., 
1995).  High supra-ambient O2 concentrations have the same effect, presumably 
to keep pO2 in the infected zone at an optimal level to allow respiration while 
preventing nitrogenase inactivation (Hunt et al., 1987; Weisz and Sinclair, 1987; 




In contrast, under conditions of O2 deprivation (flooding or hypoxia), in 
order to support proper O2 supply and sustain N2-fixation activity, the gas 
diffusion barrier along with expansion of intercellular gas-filled spaces enhances 
gas permeability through the inner cortex into the infected zone of the nodule 
core (Hunt et al., 1987; Weisz and Sinclair, 1987; Parsons and Day, 1990; 
Roberts et al., 2010).   
To explain the observations of reversible regulation of O2 permeability in 
nodules, an osmoregulatory hypothesis was proposed (Purcell and Sinclair, 
1994; Denison and Kinraide, 1995; Wei and Layzell, 2006).  In this model, the 
gas diffusion pathway is regulated by reversible osmotically-driven uptake and 
release of cellular water into the intercellular spaces, as well as changes to cell 
geometry, which collectively constrict or expand the intercellular space and gas 
diffusion (Purcell and Sinclair, 1994; Denison and Kinraide, 1995; Wei and 
Layzell, 2006).  Wei and Layzell proposed a specific model for the control of O2 
diffusion into the nodule infected zone, which can be established by coupled 
movement of K+ and water (Wei and Layzell, 2006).  Stimuli such as water deficit 
stresses activate K+ currents (Denison and Kinraide, 1995), which result in efflux 
of K+ to the apoplast of the cells in the infected zone.  Accumulation of high 
interstitial [K+] causes water to move into the intercellular spaces, and thereby 
restricts the rate of O2 diffusion into the central zone (Fig. 4.6 A).  In contrast, 
stimuli such as flooding and hypoxia cause the opposite effect with influx of K+ 















Figure 4.6.  Osmotic and metabolic regulatory model in infected cells of 
soybean nodules in response to environmental stimuli.  A model for osmotic 
regulation of nodulin 26 in infected cells is shown.  (A) Under conditions of 
osmotic stress (drought or salinity) enhanced water channel activity of nodulin 26 
by phosphorylation through Ca2+ activation of CDPK contributes to bulk flow of 
water into the intercellular gas-filled spaces, which coincides with movement of 
K+.  As a result, the flooded-interstitial spaces restrict O2 diffusion and O2 
permeability to central infected zone of the soybean nodules.  Although not 
shown, nodulin 26 could also affect transcellular flow of water through infected 
cells, similar to the proposed role of TIPs in vacuoles in other plant cells (Maurel 
et al., 2008).  (B) A model for metabolic regulation of nodulin 26 in response to 
O2 deficit stress (flooding/hypoxia).  External low O2 availability results in 
dephosphorylation of nodulin 26 and metabolism shift of the cells to fermentation 
producing less ATP.  The reduction of free ATP decreases H+-ATPase activity, 
consequently increasing pH of symbiosome space.  Under these conditions, 
dephosphorylation of the nodulin 26 enhances its NH3 efflux activity, while NH4+ 





















intercellular spaces and O2 permeability into the nodule infected zone.  Water 
movement between the symplast and the apoplast is in the direction of 
decreasing water potential driven by K+ movement between the infected cells 
and cortical cells, and the intercellular spaces.     
Nodulin 26 in osmoregulation and metabolic regulation of the soybean nodule 
infected cells:  As part of the osmoregulatory model, aquaporins have been 
proposed to aid in directional bulk flow of water in response to ionic osmotic 
signals (Fleurat-Lessard et al., 2005).  With respect to high concentration on the 
SM (10 to 15% of total protein mass) (Weaver et al., 1991; Dean et al., 1999), 
nodulin 26 is suggested to be responsible for high water permeability of the 
symbiosome (osmotic water permeability of the symbiosome, Pf ≥ 0.05 cm/sec).  
Since the symbiosomes occupy most of the space in the nonvacuolated infected 
cell, the symbiosome may play a potential role in the osmoregulation of the 
infected cell similar to the role of central vacuole in other plant cells (Maurel et 
al., 2008).  Nodulin 26, which is responsible for the high Pf of the symbiosome, 
would be expected to potentiate this osmoregulatory function by mediating the 
rapid flux of water to facilitate cytosolic osmotic adjustment of infected cells in 
response to various environmental cues, and could aid in bulk water flow as part 
of the osmoregulatory model described in the previous section.   
A new working model for this process is proposed (Fig. 4.6 A).  Under 
conditions of normal nodule physiology, nodulin 26 maintains water homeostasis 




these conditions, nodulin 26 phosphorylation is regulated at a steady state level 
in a normal nitrogen fixing nodule.  However, under conditions of water 
deprivation (relevant to osmotic stress from drought or salinity), conditions that 
are known to activate CDPK in other systems (Patharkar and Cushman, 2000; 
Saijo et al., 2000), calcium-regulated hyperphosphorylation of nodulin 26 by the 
SM-CDPK would enhance its aquaporin activity.  This would be part of global 
redistribution of water to the intercellular spaces of the cells of the infected zone 
and inner cortex, which would help restrict O2 diffusion into the central infected 
zone of the nodules.   
On the other hand, flooding and hypoxia result in dephosphorylation of 
nodulin 26 and a decrease in its water transport activity, and conversely, an 
increase in its ammonia permeability.  Accordingly, with respect to this change in 
selectivity, I propose a new metabolic regulatory model for nodulin 26 in 
response to O2-deficit stress (flooding or hypoxia), a model which involves 
distinct NH3/NH4+ efflux pathways on the symbiosome membrane, since 
dephosphorylation of nodulin 26 in response to these conditions would address a 
physiological need to favor its ammonia permease activity to support NH3 efflux 
(Fig. 4.6 B).  Specifically, flooding-induced acute O2 deprivation triggers 
dephosphorylation of nodulin 26 and shifts the energy metabolism in infected 
cells to fermentation, consequently generating less ATP (Wei and Layzell, 2006).  
This reduction in free ATP availability causes less energization of the 




of the symbiosome space is increased.  Under these conditions, channel activity 
for NH4+ efflux through NSCC is blocked because of the low SM ∆Ψ, and NH3 
efflux through the dephosphorylated nodulin 26 would be favored.  In addition, 
the dephosphorylation of nodulin 26 would decrease the aquaporin activity and 
osmoregulatory properties of the symbiosome, which could affect the flux of 
water and possibly the gas diffusion properties of the nodule.  While consistent 
with known nodule physiology and the transport/regulatory properties of nodulin 
26, further evidence for these models await genetic studies with model legumes 
and RNAi or transposon mutagenesis approaches to assess the effects on gas 
diffusion and nitrogen fixation/assimilation.   
 
Low O2 as a signal for the induction of nodulin 26 expression   
Expression of nodulin 26 is known to be independent of the entry or 
presence of rhizobia bacteria moving through the infection threads into the 
soybean root tissue after inoculation (Fortin et al., 1987).  Rather, its expression 
seems to be dependent upon nodule organogenesis and development based on 
the previous reports given that expression and protein production of nodulin 26 
occur at the immature infected cell during the nodule organogenesis, 
accompanied with the formation of the symbiosome membrane (Miao and 
Verma, 1993; Verma and Hong, 1996; Guenther et al., 2003).  So far, however, 
the identity of the physiological regulatory factors and cues inducing nodulin 26 




the physiological environment of the nodules have not been completely 
understood.  Nodulin 26 has no nodule-specific cis-acting element, and it has 
been only suggested that nodulin 26 gene would be controlled by trans-negative 
regulatory element which possibly inhibits expression of the nodulin 26 (Miao and 
Verma, 1993).   
In the present study, the finding of presence of 4 AREs in the promoter 
region of nodulin 26 provides an idea to better understand regulatory 
mechanisms of gene expression of nodulin 26 during nodule development.  As 
consistent with the presence of these AREs, low O2 signals induce the 
transcriptional up-regulation of nodulin 26 in uninfected root tissues.   
 Based on the results and findings that the expression of genes up-
regulated by hypoxia/anoxia coincides with the up-regulation of membrane 
transporter genes during nodule development (Colebatch et al., 2004), thus, it 
would be apparently demonstrated that low oxygen concentration is one of 
multiple factors initiating induction of nodulin 26 transcripts.  Apart from this, 
there could be various regulatory mechanisms which trigger but, also coordinate 
in multiple ways gene expression of nodulin 26 in infected soybean roots 
associated with the formation of mature nodules.   
 
Future directions    
In summary, evidence from the present study supports a potential 




plays two physiological roles in nitrogen-fixing nodules: 1. An osmoregulatory 
role (water transport) and 2. A metabolic role (ammonia transport) associated 
with an interaction of the nitrogen assimilatory enzyme (glutamine synthetase).  
Further, evidence is provided that the transport selectivity can be conversely 
regulated by its phosphorylation in response to environmental cues in a manner 
that would modulate these proposed osmoregulatory and metabolic roles.   
To test these models and hypotheses, the following future directions for 
research are recommended:    
 
1. A more detailed and structural analysis of the molecular basis for water, 
ammonia and glycerol selectivity of nodulin 26, including how the 
phosphorylation of the C-terminal region influences pore structure and selectivity.   
 
2. Structural analysis of the nodulin 26/GS interaction and evaluation of the 
complex formation on regulation of the nodulin 26 transport activities.   
 
3. Genetic studies with model legumes using RNAi or transposon mutagenesis 
approaches to modulate the expression of nodulin 26 to assess the effects on 
gas diffusion and nitrogen fixation/assimilation, and the general physiology of the 





4. Use the same genetic approaches with phosphorylation mimic and null 
mutants of nodulin 26, and fluorescence-tagged nodulin 26 to address the 
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